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5 BIOCOMPATIBLE POLYMER CONJUGATES 

Technical Field 

This invention relates to biocompatible conjugates 
formed by covalently binding two or more polymers 
10 together and, specifically, to conjugates formed by 
binding a naturally occurring polymer or derivative 
thereof to a synthetic hydrophilic polymer, such as 
polyethylene glycol (PEG), and to compositions, 
components, and implants comprised of such conjugates. 

15 

Background of the Invention 

A number of naturally occurring but biologically 
inert polymers are known. Examples of such include 
collagen and various glycosaminoglycans such as 

20 hyaluronic acid, chondroitin sulfates, chitin, and 

heparin. Derivatives of these polymers have also been 
produced and certain derivatives have been formulated for 
medical use. A number of synthetic biologically inert 
polymers are also known, e.g., polyethylene glycol (PEG). 

25 Various combinations of natural and synthetic polymers 

give a wide range of characteristics for use in a variety 
of medical applications. We have now invented new and 
useful conjugates combining the characteristics of 
natural and synthetic polymers and applied these 

30 conjugates to medical formulations, components, and 
implants which specifically benefit from these 
characteristics. 



35 



WO 94/01483 



PCT/US93/06292 



-2- 

Summary of the Invention 

Conjugates are formed by covalently binding 
insoluble, naturally occurring, biologically inert 
polymers and derivatives thereof to synthetic, 
5 hydrophilic polymers such as polyethylene glycol (PEG) . 
The naturally- occurring polymers and derivatives thereof 
include polysaccharides such as hyaluronic acid, 
proteoglycans such as chondroitin sulfate A (4-sulfate) , 
chondroitin sulfate C (6-sulfate) , and dermatan sulfate 

10 (chondroitin sulfate B) ; chitin; heparin and heparin 
sulfate; dextrans such as cyclodextran, hydroxylethyl 
cellulose, cellulose ether, and starch; lipids (esters of 
fatty acids with trihydroxyl alcohol glycerol) such as 
triglycerides, phospholipids, and the like. The 

15 synthetic hydrophilic polymer is preferably polyethylene 
glycol and derivatives thereof having a weight average 
molecular weight in the range of from about 100 to about 
100,000 preferably about 1,500 to 20,000. Compositions 
and components may be formulated using the conjugates and 

20 other components such as pharmaceutically acceptable 

fluid carriers to form injectable formulations, and/or 
biologically active proteins such as cytokines and growth 
factors. The biocompatible conjugates of the invention 
generally contain large amounts of water when formed and 

25 can be dehydrated to form a relatively solid object which 
will expand in size five -fold or more upon rehydration. 
Implants can be coated with conjugate formulation, and 
articles such as tubes and strings can be constructed 
using specific conjugates and formulations in order to 

30 obtain the particular desired characteristics. 

The biocompatible conjugates of the invention are 
applied and used in a variety of medical and 
pharmaceutical applications. The most basic embodiment 
includes the biocompatible conjugates and pharmaceutical 

35 compositions formulated using these conjugates, which 
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compositions include pharmaceutical!./ acceptable fluid 
carriers of varying types and amounts. When forming the 
conjugates, various natural polymers are covalently bound 
to synthetic polymers such as polyethylene glycol. The 
5 specific polymers are chosen based on the end use and 
characteristics desired. In addition to selecting the 
polymers to be bound, different types of covalent bonds 
can be used, including ester, ether and urethane 
linkages. 

10 One of the most important uses for certain 

conjugates and compositions of the invention is in 
methods of augmenting soft tissue. The compositions are 
formulated in a flowable form and injected into patients, 
such as into facial areas, to provide for soft tissue 

15 augmentation. The method can be varied so that the 

reaction between the naturally occurring polymer and the 
synthetic polymer occurs in situ . The conjugates can be 
dehydrated and then ground into particles, suspended in 
an inert nonaqueous carrier, and injected into a patient. 

20 After injection, the carrier will be removed by natural 

physiological conditions and the particles will rehydrate 
and swell to their original size. Strings formed from 
conjugates can also be injected to obtain soft tissue 
augmentat ion . 

25 The conjugates and conjugate compositions of the 

invention .can be combined with cytokines or growth 
factors to promote tissue growth, and/or further combined 
with particles, fibers or other materials to increase the 
structural integrity of the compositions so that they can 

30 also be used in the augmentation of hard tissue, such as 
bone and cartilage. Other uses for conjugates include 
coatings for various medical devices to be incorporated 
within the body, including catheters, bone implants, and 
platinum wires to treat aneurysms. The conjugates may 

35 also be formulated into various ophthalmic devices, such 
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as lenticules or corneal shields. Conjugate formulations 
may also be extruded, molded, and/or formed into shapes 
such as strings and tubes which have medical uses such as 
in sutures and blood vessel or nerve repair. 
5 A primary object of the invention is to provide 

biocompatible conjugates formed by covalently binding 
polymers such as polyethylene glycol to non- immunogenic 
forms of naturally occurring, insoluble, biologically 
inert polymers and derivatives thereof. 

10 Another object of the invention is to provide the 

conjugates with different types of bonds and to provide 
compositions containing conjugates in pharmaceutically 
acceptable fluid carriers suitable for injection. 

Another object of the invention is to provide a 

15 composition for tissue augmentation produced by forming 
the conjugates, dehydrating the conjugates to form a 
solid, grinding the solid into particles, and suspending 
the particles in a non- aqueous fluid carrier for 
injection to the site of augmentation, at which time the 

20 particles will rehydrate and expand in size about five- 
fold. 

Another object of the invention is to provide 
objects such as implants which have biocompatible 
conjugate formulations coated on their surfaces. 
25 Yet another object of the invention is to provide 

strings made of the conjugate materials. 

Still another object of the invention is to provide 
tubes made of the conjugate materials. 

An important advantage of the present invention 
30 comprising the biocompatible conjugates is that 

particular types of covalent bonds, such as ether 
linkages, can be used to provide a high degree of 
stability over long periods of time under physiological 
conditions. 
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A feature of the invention is that the conjugates 
can be formed using a variety of natural and synthetic 
polymers, each occuring in a range of molecular weights 
in order to adjust the physical and chemical 
5 characteristics of the resulting composition. 

Another advantage of the present invention is that 
the biocompatible conjugates have superior handling 
characteristics as compared with conventional collagen 
compositions. 

10 Another advantage of the present invention is that 

the biocompatible conjugate compositions generate a 
decreased immune reaction as compared with conventional 
compositions. 

Another feature of the present invention is that the* 
15 biocompatible conjugate compositions have improved 

moldability, malleability, and elasticity as compared 

with conventional compositions. 

Other features of the present invention include the 

ability to formulate the compositions and conjugates in 
20 combination with pharmaceutical^ active proteins such as 

cytokines and growth factors in order to improve the 

activity and available half- life of such cytokines or 

growth factors under physiological conditions. 

Another advantage of the present invention is that 
25 an ether linkage may be used to connect the natural and 

synthetic -polymers which bond is resistant to breakage 

due to hydrolysis. 

These and other objects, advantages, and features of 

the present invention will become apparent to those 
30 persons skilled in the art upon reading 'the details of 

the structure, synthesis, and usage of the biocompatible 

conjugates as more fully set forth below, reference being 

made to the specific examples and formulations forming a 

part hereof. 
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Brief Description of the .Drawings 

Figure 1 is a bar graph showing the results of 
swellability testing for different strings; 

Figures 2, 3,4 and 5 are each bar graphs showing 
5 the results of testing physical characteristics of 
different strings; 

Figures 6 and 7 each show comparisons of the DSC 
measurements of collagen containing compositions; 

Figure 8 shows the reaction scheme for reacting a 
10 carboxyl group of hyaluronic acid with PEG -hydrazine; 

Figure 9 shows a reaction scheme wherein an acetyl 
group of hyaluronic acid is reacted with succinimydyl - 
PEG; 

Figure 10 shows the structures of chondroitin 
15 sulfate A, chondroitin sulfate C and dermatan sulfate 
(chondroitin sulfate B) ; 

Figure 11 is a reaction scheme showing a 
nucleophilic substitution reaction of an ester with PEG; 
Figure 12 shows the reaction scheme of reacting 
20 polyethylene with a multifunctional activated form of E- 
PEG; 

Figure 13 shows a reaction scheme reacting 
polyethylene with a multifunctional activated form of S- 
PEG; 

25 Figure 14 is a table showing the results of 

measurements of strings produced in accordance with 
Example 13; 

Figure 15 is a table showing physical data relating 
to strings comprised of collagen and collagen conjugates; 
30 Figure 16 is a table showing data obtained from 

measurements of materials produced in accordance with 
Example 15; and 

Figure 17 is a table showing the results of 
measurements obtained on materials produced in accordance 
35 with Example IB. 
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Detailed Description of Preferred Embodiments of the 
Invention 

Before the present biocompatible conjugates and 
processes for making and using such are described, it is 
5 to be understood that this invention is not limited to 
the particular conjugates, processes, and methods 
described as such may, of course, vary. It is also to be 
understood that the terminology used herein is for the 
purpose of describing particular embodiments only, and is 

10 not intended to be limiting, as the scope of the present 
invention will be limited only by the appended claims. 

It must be noted that, as used in this specification 
and the appended claims, the singular forms "a", "an", 
and "the" include plural referrents unless the context 

15 clearly dictates otherwise. Thus, for example, reference 
to "a naturally occurring polymer" includes mixtures of 
such polymers, reference to "an attaching group or a 
linking group" includes one or more different types of 
groups known by those skilled in the art, or those which 

20 are capable of forming a covalent bond, and reference to 
"the synthetic polymer" includes mixtures of different 
types of polymers such as polyethylene glycol (PEG) and 
so forth. 

Unless defined otherwise, all technical and 
25 scientific terms used herein have the same meaning as is 
commonly understood by one of ordinary skill in the art 
to which this invention belongs. Although any methods 
and materials similar or equivalent to those described 
herein may be useful in the practice or testing of the 
30 present invention, preferred methods and materials are 
described below. All publications mentioned herein are 
incorporated herein by reference. Further, specific 
terminology of particular importance to the description 
of the present invention is defined below. 



35 



WO 94/01483 



PCT/US93/06292 



A. Definitions 

The term "collagen" as used herein refers to all 
forms of collagen, including telopeptide- containing 
collagen, and atel ©peptide collagen which has been 
5 processed or modified. The collagen may be of human or 
animal origin and may be produced by recombinant 
techniques. Forms included are the various types, i.e., 
Type I, II, III, fibrillar, non- fibrillar, etc. Collagen 
is a material which is the major protein component of 

10 bone, cartilage, skin, and connective tissue in animals. 
Collagen in its native form is typically a rigid, rod- 
shaped molecule approximately 300 nm long and 1.5 nm in 
diameter. It is composed of three collagen polypeptides 
which form a tight triple helix. The collagen 

15 polypeptides are characterized by a long midsection 

having the repeating sequence -Gly-X-Y-, where X and Y 
are often proline or hydroxyproline, bounded at each end 
by the "telopeptide" regions, which constitute less than 
about 5% of the molecule. The telopeptide regions of the 

20 collagen chains are typically responsible for the 

naturally occuring crosslinking between chains, as well 
as for the immunogenicity of the protein. Collagen 
occurs in several "types" having differing physical 
properties. The most abundant types are Types I -III. 

25 The present disclosure includes these and other known 

types of collagen including natural collagen and collagen 
which is processed or modified, i.e., various collagen 
derivatives. Collagen is typically isolated from natural 
sources, such as bovine hide, cartilage, or bones. Bones 

30 are usually dried, defatted, crushed, and demineralized 

to extract collagen, while hide and cartilage are usually 
minced and digested with proteolytic enzymes (other than 
collagenase) . As collagen is resistant to most 
proteolytic enzymes, this procedure conveniently serves 
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to remove most of the contaminating protein found with 
collagen. 

The term "dehydrated" refers to compositions that 
have been air dried or lyophilized to remove 
5 substantially all unbound water. 

The terms "naturally occurring polymers" and 
"natural polymer" as used herein refer to biologically 
inert, insoluble, naturally occurring, biocompatible 
polymers and derivatives thereof. Examples of natural 

10 polymers include polysaccharides such as hyaluronic acid; 
proteoglycans such as chondroitin sulfate A (4-sulfate), 
chondroitin sulfate C (6-sulfate) , and dermatan sulfate 
(chondroitin sulfate B) ; dextrans such as cyclodextrin, 
hydroxylethyl cellulose, cellulose ether, and starch; 

15 lipids (esters of fatty acids with trihydroxyl alcohol 
glycerol) such as triglycerides, phospholipids, and 
mixtures and derivatives thereof. The term is intended 
to specifically exclude biologically active natural 
polymers such as DNA, RNA, and proteins. 

20 The terms "biologically inert conjugates", 

"biocompatible conjugates", and "biologically inert 
biocompatible conjugates" are used interchangeably 
herein. The terms refer to biologically inert, 
insoluble, biocompatible conjugates of the present 

25 invention wherein a natural polymer is covalently bound 
to the synthetic hydrophilic polymer. The conjugates 
have some characteristics similar to the natural polymers 
in that they are biologically inert, insoluble, nontoxic 
and do not generate a significant immune reaction when 

30 incorporated into a living being. 

The term "synthetic hydrophilic polymer" as used 
herein refers to a synthetic polymer having an average 
molecular weight and composition which renders the 
polymer essentially hydrophilic, but not completely 

35 water-soluble. Preferred polymers are highly purified 
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such that the polymer is pharmaceutically pure. Most 
hydrophilic polymers can be rendered water-soluble by 
incorporating a sufficient number of oxygen (or less 
frequently, nitrogen) atoms available for forming 
5 hydrogen bonds in aqueous solutions. Preferred polymers 
are hydrophilic, but not necessarily soluble. 
Hydrophilic polymers used herein include polyethylene 
glycol (PEG), polyoxyethylene, polymethylene glycol, 
polytrimethylene glycols, polyvinylpyrrolidones, and 

10 derivatives thereof, with PEG being particularly 
preferred. The polymers can be linear or multiply 
branched and will not be substantially crosslinked. 
Other suitable polymers include polyoxyethylene - 
polyoxypropylene block polymers and copolymers. 

15 Polyoxyethylene-polyoxypropylene block polymers having an 
ethylene diamine nucleus (and thus having four ends) are 
also available and may be used in the practice of the 
invention. Naturally occurring polymers such as 
proteins, starch, cellulose, heparin, and the like are 

20 expressly excluded from the scope of this definition. 
All suitable polymers will be non- toxic, non- 
inflammatory, and non- immunogenic when administered 
subcutaneously, and will preferably be essentially 
nondegradable is vivo over a period of at least several 

25 months. The hydrophilic polymer may increase the 
hydrophilicity of the natural polymer, but does not 
render it water -soluble. Presently preferred hydrophilic 
polymers are mono-, di-, and multifunctionally activated 
polyethylene glycols (PEG) . Monofunctional PEG has only 

30 one reactive hydroxy group, while difunctional PEG has 
reactive groups at each end of the molecule. 
Monofunctional PEG preferably has a weight average 
molecular weight between about 100 and about 15,000, more 
preferably between about 200 and about 8,000, and most 

35 preferably about 4,000. Difunctional PEG preferably has 
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a weight average molecular weight of about 400 to about 
100,000, more preferably about 3,000 to about 20,000. 
Multifunctional PEG preferably has an average molecular 
weight between about 3,000 and 100,000. 
5 The term "multifunctional" is used herein to refer 

to synthetic polymers having two or more reactive groups 
per molecule and, as such, encompasses the term 
"di functional . M 

The terms "monof unctional " , "difunctional" , and 

10 "multifunctional" are used interchangeably herein with 
the terms "monof unctionally activated", "difunctionally 
activated", and "multifunctionally activated", 
respectively. 

PEG can be rendered monofunctional by forming an 

15 alkylene ether group at one end. The alkylene ether 
group may be any suitable alkoxy radical having 1-6 
carbon atoms, for example, methoxy, ethoxy, propoxy, 
2-propoxy, butoxy, hexyloxy, and the like. Methoxy is 
presently preferred. Difunctionally activated PEG is 

20 provided by allowing a reactive hydroxy group at each end 
of the linear molecule. The reactive groups are 
preferably at the ends of the polymer, but may be 
provided along the length thereof. Multifunctionally 
activated molecules are capable of crosslinking the 

25 compositions of the invention, and may be used to attach 
cytokines or growth factors to natural polymers. In 
connection with the synthetic polymers, certain 
abbreviations are used as follows: 

monomethoxypolyethylene glycol (mPEG) ; difunctional PEG 
30 Succinimydyl Glutarate (SG-PEG) ; difunctional PEG 

Succinimydyl (S-PEG) ; difunctional PEG Succinimydyl 
carbonate (SC-PEG) ; difunctional PEG propion aldehyde 
(A- PEG) ; and difunctional PEG glycidyl ether (E-PEG) . 
The abbreviation "dPEG" is used to encompass 
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difunctionally activated polyethylene glycols of a 
variety of types. 

The term "chemically conjugated" as used herein 
means attached through a covalent chemical bond. In the 
5 practice of the invention, a synthetic hydrophilic 

polymer and natural polymer or derivative thereof are 
preferably directly bound to each other via a covalent 
bond(s) but may be chemically conjugated by using a 
linking radical, such that the synthetic polymer and 

10 natural polymer are each bound to the radical, but not 
directly to each other. The term "biocompatible 
conjugate" refers to a natural polymer chemically 
conjugated to a synthetic hydrophilic polymer, within the 
meaning of this invention. Thus, "natural polymer/PEG" 

15 (or "PEG/natural polymer") denotes a composition of the 
invention wherein a natural polymer is chemically 
conjugated to PEG. "Natural polymer/PEG" refers to a 
natural polymer of the invention chemically conjugated to 
difunctionally activated PEG, wherein the polymer 

20 molecules may be crosslinked. The synthetic polymer may 
be "chemically conjugated" to the natural polymer by 
means of a number of different types of chemical 
linkages. For example, the conjugation can be via an 
ester or a urethane linkage, but is more preferably by 

25 means of an ether linkage. An ether linkage is preferred 
in that it can be formed without the use of toxic 
chemicals and is not readily susceptible to hydrolysis in 
vivo . 

Those of ordinary skill in the art will appreciate 
30 that synthetic polymers Buch as polyethylene glycol 

cannot be prepared practically to have exact molecular 
weights, and that the term "molecular weight" as used 
herein refers to the weight average molecular weight of a 
number of molecules in any given sample, as commonly used 
35 in the art. Thus, a sample of PEG 2,000 might contain a 
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statistical mixture of polymer molecules ranging in 
weight from, for example, 1,500 to 2,500 daltons, with 
one molecule differing slightly from the next over a 
range. Specification of a range of molecular weight 
5 indicates that the average molecular weight may be any 
value between the limits specified, and may include 
molecules slightly outside those limits. Thus, a 
molecular weight range of about 800 to about 20,000 
indicates an average molecular weight of at least about 

10 800, ranging up to about 20 kDa. 

The term "available lysine residue" as used herein 
refers to lysine side chains exposed on the outer surface 
of natural polymer molecules, which are positioned in a 
manner to allow reaction with activated PEG. The number - 

15 of available lysine residues may be determined by 

reaction with sodium 2,4, 6- trinitrobenzenesulf onate 
(TNBS) . 

The terms "treat" and "treatment" as used herein 
refer to augmentation, repair, prevention, or alleviation 

20 of defects, particularly defects due to loss or absence 
of soft tissue or soft tissue support, or to loss or 
absence of bone or cartilage. Further, the term "treat" 
includes the use of strings of the invention to suture 
wounds, and the use of tubes of the invention to repair, 

25 replace, or augment a channel in the body of a living 
being, in particular a human being. Additionally, 
"treat" and "treatment" also refer to the prevention, 
maintenance, or alleviation of disorders or diseases 
- using a biologically active protein coupled to and/or 

30 mixed with a conjugate -containing composition of the 
invention. Accordingly, treatment of soft tissue 
includes augmentation of soft tissue, for example, 
implantation of conjugates of the invention to restore 
normal or desirable dermal contours, as in the removal of 

35 dermal creases or furrows, or as in the replacement of 
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subcutaneous fat in maxillary areas where the fat is lost 
due to aging or in the augmentation of submucosal tissue, 
such as the urinary or lower esophageal sphincters. 
Treatment of bone and cartilage includes the use of 
5 conjugates, and particularly natural polymer/PEG in 
combination with suitable particulate materials, to 
replace or repair bone tissue, for example, in the 
treatment of bone nonunions or fractures. Treatment of 
bone also includes use of conjugate -containing 

10 compositions with or without additional bone growth 

factors. Compositions comprising conjugates with ceramic 
particles, preferably calcium phosphate ceramics such as 
hydroxyapatite and/or tricalcium phosphate, are 
particularly useful for the repair of stress -bearing bone- 

15 due to its high tensile strength. 

The terms "cytokine" and "growth factor" are used to 
describe biologically active molecules and active 
peptides (which may be either naturally occurring or 
synthetic) which aid in healing or regrowth of normal 

20 tissue. The function of cytokines and growth factors is 
two- fold: 1) they can incite local cells to produce new 
collagen or tissue, or 2) they can attract cells to the 
site in need of correction. As such, cytokines and 
growth factors serve to encourage "biological anchoring" 

25 of the implant within the host tissue. As previously 

described,- the cytokines or growth factors can either be 
admixed with the conjugate or chemically coupled to the 
conjugate. For example, one may incorporate cytokines 
- such as interferons (IFN) , tumor necrosis factors (TNF) , 

30 interleukins , colony stimulating factors (CSFs) , or 

growth factors such as osteogenic factor extract (OFE) , 
epidermal growth factor (EGF) , transforming growth factor 
(TGF) alpha, TGF-jS (including any combination of TGF-)3s) , 
TGF-01, TGF-02, platelet derived growth factor (PDGF-AA, 

35 PDGF-AB, PDGF-BB) , acidic fibroblast growth factor (FGF) , 
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basic FGF, connective tissue activating peptides (CTAP) , 
/3-thromboglobulin, insulin -like growth factors, 
erythropoietin (EPO) , nerve growth factor (NGF) , bone 
morphogenic protein (BMP) , osteogenic factors, and the 
5 like. Incorporation of such cytokines or growth factors, 
and appropriate combinations of cytokines and growth 
factors can facilitate the regrowth and remodeling of an 
implant into normal tissue, or may be used in the 
treatment of wounds. Further, one may chemically link 

10 the cytokines or growth factors to the biocompatible 
conjugate by employing a suitable amount of 
multifunctional polymer molecules during synthesis. The 
cytokine or growth factors may then be attached to the 
free polymer ends by the same method used to attach PEG 

15 to any natural polymer or derivative thereof or by any 
other suitable method. By tethering cytokine or growth 
factor molecules to the implant, the amount of cytokine 
or growth factor required to be therapeutically effective 
is substantially reduced. Conjugates incorporated with 

20 cytokines or growth factors may serve as effective 

controlled release drug delivery systems. By varying the 
chemical linkage between the cytokine and the conjugate, 
it is possible to vary the effect with respect to the 
release of the cytokine or growth factor. For example, 

25 when an "ester" linkage is used, the linkage is more 

easily broken under physiological conditions, allowing 
for sustained release of the growth factor or cytokine 
from the matrix. However, when an "ether" linkage is 
used, the bonds are not easily broken and the cytokine or 

30 growth factor will remain in place for Tonger periods of 
time with its active sites exposed, providing a 
biological effect on the natural substrate for the active 
site of the protein. It is possible to include a mixture 
of conjugates with different linkages so as to obtain 

35 variations in the effect with respect to the release of 
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the cytokine or growth factor, i.e., the sustained 
release effect can be modified to obtain the desired rate 
of release. 

The term "effective amount" refers to the amount of 
5 composition required in order to obtain the effect 

desired. Thus, a "tissue growth- promoting amount" of a 
composition containing a cytokine or growth factor refers 
to the amount of cytokine or growth factor needed in 
order to stimulate tissue growth to a detectable degree. 

10 Tissue, in this context, includes connective tissue, 

bone, cartilage, epidermis and dermis, blood, and other 
tissues. The actual amount which is determined to be an 
effective amount will vary depending on factors such as 
the size, condition, sex and age of the patient and can 

15 be more readily determined by the caregiver. 

The term "sufficient amount" as used herein is 
applied to the amount of carrier used in combination with 
the conjugates of the invention. A sufficient amount is 
that amount which, when mixed with the conjugate, renders 

20 it in the physical form desired, for example, injectable 
solution, injectable suspension, plastic or malleable 
implant, rigid stress -bearing implant, strings, tubes and 
so forth . Injectable formulations generally include an 
amount of fluid carrier sufficient to render the 

25 composition smoothly injectable, whereas malleable 

implants have substantially less carrier and have a clay- 
like consistency. Rigid stress -bearing implants may 
include no carrier at all and have a high degree of 
structural integrity. The amount of the carrier can be 

30 varied and adjusted depending on the particular conjugate 
used and the end result desired. Such adjustments will 
be apparent to those skilled in the art upon reading this 
disclosure. 

The term "suitable particulate material" as used 
35 herein refers to a particulate material which is 
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substantially insoluble in water, non- immunogenic, 
biocompatible, and immiscible with the biocompatible 
conjugates of the invention. The particles of material 
may be fibrillar, or may range in size from about 20 to 
5 250 /xm in diameter and be bead- like or irregular in 

shape. Exemplary particulate materials include, without 
limitation, fibrillar crosslinked collagen, gelatin 
beads, crosslinked collagen-dPEG particles, 
polytetraf luoroethylene beads, silicone rubber beads, 
10 hydrogel beads, silicon carbide beads, and glass beads. 
Preferred particulate materials are calcium phosphates, 
most preferably hydroxyapatite and/or tricalcium 
phosphate. 

The term "solid implant" refers to any solid object " 

15 which is designed for insertion and use within the body, 
and includes bone and cartilage implants (e.g., 
artificial joints, retaining pins, cranial plates, and 
the like, of metal, plastic and/or other materials), 
strings which can be used as sutures or injected for soft 

20 tissue augmentation, breast implants (e.g., silicone gel 
envelopes, foam forms, and the like), catheters and 
cannulas intended for long-term use (beyond about three 
days) , artificial organs and vessels formed from tubes of 
the invention (e.g., artificial hearts, pancreases, 

25 kidneys, blood vessels, and the like), drug delivery 
devices (including monolithic implants, pumps and 
controlled release devices such as Alzet^ minipumps, 
steroid pellets for anabolic growth or contraception, and 
the like) , sutures for dermal or internal use, 

30 periodontal membranes, lenticules, corneal shields, 

platinum wires for aneurysm treatment, and the like. As 
such, the term "solid implants" encompasses both implants 
formed from compositions of the biocompatible conjugates 
of the invention and implants made from other synthetic 

35 materials such as silicone, polyurethane, titanium, 
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platinum, etc., which may be coated with compositions of 
the invention . 

The term "suitable fibrous material", as used 
herein, refers to a fibrous material which is 
5 substantially insoluble in water, non- immunogenic, 
biocompatible, and immiscible with the biocompatible 
conjugates of the invention. The fibrous material may 
comprise a variety of materials having these 
characteristics and is combined with compositions of the 

10 conjugate in order to form and/or provide structural 

integrity to various implants or devices such as tubes 
comprised of conjugates used in connection with medical 
and pharmaceutical uses. The conjugate compositions of 
the invention can be coated on the "suitable fibrous 

15 material", which can then be wrapped around a bone to 
provide structural integrity to the bone. Thus, the 
"suitable fibrous material" is useful in forming the 
"solid implants" of the invention. 

The term "in situ " as used herein means at the site 

20 of administration. Thus, the injectable reaction mixture 
compositions are injected or otherwise applied to a site 
in need of augmentation and allowed to crosslink at the 
site of injection. Suitable sites will generally be 
intradermal or subcutaneous regions for augmenting dermal 

25 support, at the site of bone fractures for wound healing 
and bone repair, and within sphincter tissue for 
sphincter augmentation {e.g., for restoration of 
continence) . 

The term "aqueous mixture" includes liquid 

30 solutions, suspensions, dispersions, colloids, and the 
like containing a natural polymer and water. 

The term "NFC cartilage" as used herein refers to a 
composition of the invention which resembles cartilage in 
physical consistency. NFC cartilage is prepared from 

35 nonfibrillar collagen (e.g., collagen in solution) and is 
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crosslinked with a hydrophilic polymer, especially using 
dPEG. As an artifact of the production process or by 
design, NFC cartilage may contain about 0-20% fibrillar 
collagen. NFC cartilage is generally prepared by adding 
5 dPEG in acidic solution to an acidic solution of 

collagen, and allowing conjugation to occur prior to 
neutralization. The term "NFC-FC cartilage H refers to a 
composition similar to NFC cartilage, wherein the 
percentage of fibrillar collagen is about 20-80%. NFC-FC 

10 cartilage is generally prepared by adding dPEG in a 

neutralizing buffer to an acidic solution of collagen. 
The neutralizing buffer causes collagen fibril formation 
during the conjugation process. Similarly, "FC 
cartilage" refers to a composition of the invention which 

15 is prepared from fibrillar collagen and a difunctional 
hydrophilic polymer. FC cartilage may generally be 
prepared using dPEG and fibrillar collagen in neutral 
solutions/suspensions . 

20 B. General Method 

B.l Preparation : 
To form the biocompatible conjugates of the 
invention, a natural polymer or derivative thereof must 
be chemically conjugated to a synthetic hydrophilic 

25 polymer. This can be effected in a number of ways. In 
accordance with the preferred method, the synthetic 
hydrophilic polymer is activated and then reacted 
directly with the natural polymer. Alternatively, 
hydroxyl or amino groups present on the natural polymer 

30 can be activated and the activated groups will react with 
the polymer to form the conjugate. In accordance with a 
less preferred method, a linking group with activated 
hydroxyl or amino groups thereon can be combined with the 
synthetic polymer and natural polymer in a manner so as 

35 to concurrently react the natural and synthetic polymers 
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to form the biocompatible conjugate. Other methods of 
forming the biocompatible conjugates will become apparent 
to those skilled in the art upon reading this disclosure. 
Since the conjugates of the invention are to be used in 
5 the human body, it is important that all of the 

components, including both polymers and linking group, if 
used, form a conjugate that is unlikely to be reacted to 
or rejected by the patient. Accordingly, toxic and/or 
immunoreactive components are not preferred as starting 

10 materials. Some preferred starting materials and methods 
of forming conjugates are described further below. 

Although different hydrophilic synthetic polymers 
can be used to form the conjugate, the polymer must be 
biocompatible, relatively insoluble, yet hydrophilic, and 

15 is preferably one or more forms of polyethylene glycol 
(PEG) due to its known biocompatibility . Various forms 
of PEG are extensively used in the modification of 
biologically active molecules because PEG can be 
formulated to have a wide range of solubilities and 

20 because it lacks toxicity, antigenicity, immunogenic ity, 
and does not typically interfere with the enzymatic 
activities and/or conformations of peptides. Further, 
PEG is generally non-biodegradable and is easily excreted 
from most living organisms including humans. 

25 The first step in forming the conjugates of the 

invent ion. generally involves the functionalization of the 
PEG molecule. Various functionalized polyethylene 
glycols have been used effectively in fields such as 
protein modification (see Abuchowski et al., Enzymes as 

30 Drugs, John Wiley & Sons: New York, NY (1981) pp. 367- 

383; and Dreborg et al., Crit. Rev. Therap. Drug Carrier 
Systr (1990) 6:315, both of which are incorporated herein 
by reference), peptide chemistry (see Mutter et al., The 
Peptides, Academic: New York, NY 2:285-332; and Zalipsky 

35 et al., Int. J. Peptide Protein Res. (1987) 30:740, both 
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of which are incorporated herein by reference) , and the 
synthesis of polymeric drugs (see Zalipsky et al., Eur. 
Polym. J . (1983) 19:1177; and Ouchi et al., J. Macromol. 
Sci. -Chem. (1987) A24:1011, b ot h of which are 
5 incorporated herein by reference) . Various types of 
conjugates formed by the binding of polyethylene glycol 
with specific pharmaceutically active proteins have been 
disclosed and found to have useful medical applications, 
in part due to the stability of such conjugates with ■ 

10 respect to proteolytic digestion, reduced immunogenicity, 
and longer half -lives within living organisms. 

One form of polyethylene glycol which has been found 
to be particularly useful is raonomethoxy- polyethylene 
glycol (mPEG) , which can be activated by the addition of 

15 a compound such as cyanuric chloride, then coupled to a 
protein (see Abuchowski et al., J. Biol. Chem. (1977) 
252:3578, which is incorporated herein by reference). 
Although such methods of activating polyethylene glycol 
can be used in connection with certain embodiments of the 

20 present invention, they are not particularly desirable in 
that the cyanuric chloride is relatively toxic and must 
be completely removed from any resulting product in order 
to provide a pharmaceutically acceptable composition. 

Activated forms of PEG, including activated forms of 

25 mPEG, can be made from reactants which can be purchased 
commercially. One form of activated PEG which has been 
found to be particularly useful in connection with the 
present invention is mPEG-succinate-N-hydroxysuccinimide 
ester (SS-PEG) (see Abuchowski et al., Cancer Biochem. 

30 Biphys . (1984) 2:175, which is incorporated herein by 

reference) . Activated forms of PEG such as SS-PEG react 
with proteins under relatively mild conditions and 
produce conjugates without destroying the specific 
biological activity and specificity of the protein 

35 attached to the PEG. However, when such activated PEGs 
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are. reacted with proteins, they react and form linkages 
by means of ester bonds. Although ester linkages can be 
used in connection with the present invention, they are 
not particularly preferred in that they undergo 
5 hydrolysis when subjected to physiological conditions 
over extended periods of time (see Dreborg et al., Crit . 
Rev. Theran. Drug Carrier Syst, (1990) 6:315; and Ulbrich 
et al., J, Makromol. Chem. (1986) 187:1131, both of which 
are incorporated herein by reference) . 

10 It is possible to link PEG to proteins via urethane 

linkages, thereby providing a more stable attachment 
which is more resistant to hydrolytic digestion than the 
ester linkages (see Zalipsky et al., Polymeric Drug and 
Drug Delivery Systems, Chapter 10, "Succinimidyl 

15 Carbonates of Polyethylene Glycol" (1991) incorporated 

herein by reference to disclose the chemistry involved in 
linking various forms of PEG to specific biologically 
active proteins) . The stability of urethane linkages has 
been demonstrated under physiological conditions (see 

20 Veronese et al., Appl. Biochem. Biotechnol. (1985) 
11:141; and Larwood et al., J. Labelled Compounds 
Radiopharm. (1984) 21:603, both of which are incorporated 
herein by reference) . Another means of attaching the PEG 
to a protein can be by means of a carbamate linkage (see 

25 Beauchamp et al., Anal, Biochem. (1983) 131 :25; and 

Berger et-al., Blood (1988) 71:1641, both of which are 
incorporated herein by reference) . The carbamate linkage 
is created by the use of carbonyldiimidazole- activated 
PEG. Although such linkages have advantages, the 

30 reactions are relatively slow and may take 2 to 3 days to 
complete . 

The various means of activating PEG described above 
and publications (all of which are incorporated herein by 
reference) cited in connection with the activation means 
35 are described in connection with linking the PEG to 
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specific biologically active proteins, and not to inert, 
biologically inactive, natural polymers. (See Polymeric 
Drug and Drug Delivery Systems . Chapter 10, "Succinimidyl 
Carbonates of Polyethylene Glycol" (1991), incorporated 
5 herein by reference to disclose the chemistry involved in 
linking various forms of PEG to specific biologically 
active proteins.) Collagen has also been bound to PEG 
via an ester linkage as taught by U.S. Patent 5,162,430 
issued Nov. 10, 1992, also incorporated herein by 

10 reference- The present invention now discloses that 

activated PEG compounds can be used in connection with 
the formation of a wide range of inert, biocompatible 
conjugates held together by a variety of different types 
of bonds. Such conjugates provide a range of improved, 

15 unexpected characteristics and as such can be used to 

form the various compositions and articles of the present 
invention. 

B.2 Specific Forms of Activated PEG . 

20 As indicated above, the conjugates of the present 

invention can be prepared by covalently binding a variety 
of different types of synthetic hydrophilic polymers to a 
natural polymer or derivatives thereof. However, in that 
the final product or conjugate obtained must have a 

25 number of characteristics, such as being biocompatible 

and non- immunogenic, it has been found that it is useful 
to use polyethylene glycol as the synthetic hydrophilic 
polymer. The polyethylene glycol must be modified in 
order to provide activated groups on one or preferably 

30 both ends of the molecule so that covalent binding can 
occur between the PEG and the natural polymer. Some 
specific functionalized forms of PEG are shown 
structurally below, as are the reaction products obtained 
by reacting these functionalized forms of PEG with a 

35 natural polymer or derivative thereof. 
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1 . PEG Conjugation of .Natural Polymers : 

The first functionalized PEG is difunctionalized PEG 
succinimidyl glutarate, referred to herein as (SG-PEG) . 
The structural formula of this molecule and the reaction 
product obtained by reacting it with a natural polymer 
(represented by NTL-PLYM) with an amine group NH 2 thereon 
is shown below in Formula 1: 



10 



SG-PEG: Difunctional PEG Succinimidyl Glutarate 



15 



20 



u u 
□ J N"O-C0-(CH 2 )3-0C-O-PEG.0-C0-(CH 2 )3-C0-O-N CD 



NTL-PLYM-NH 2 



NTL-PLYM-NH 2 



NTL-PLYM«HN-C0-{CH 2 ) 3 -0C-0-PEG-0-C0-(CH 2 ) 3 -C0-NH-NTL-PLYM 



25 



FORMULA 1 



Another difunctionally activated form of PEG is 
referred to as PEG succinimidyl (S-PEG) . The structural 
, formula for this compound and the reaction product 
30 obtained by reacting it with a natural polymer is shown 
below. It should be noted that the methyl group is 
repeated three times on each side of the molecule. In a 
general structural formula for this compound, 
the subscript 3 is replace with an n n". In the specific 
35 embodiments of Formulas 1 and 2, n=3 # in that there are 
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three repeating CH 2 groups on each side of the PEG. The 
structure of Formula 2 includes an "ether" linkage 
between the difunctionalized PEG and the natural polymers 
on each end which ether linkage is not subject to 
hydrolysis. This is distinct from the conjugate of 
Formula 1, wherein an ester linkage is provided- The 
ester linkage is subject to hydrolysis under 
physiological conditions. 



10 



S-PEG, n=3: Difunctional PEG Succinimidyl 



15 



20 



25 



^N-0-0C-{CH 2 )3-0-PEG-0" 



NTL-PLYM-NH 2 



CH 2 ) 3 -C0-0-N^] 



NTL-PLYM-NH 2 



NTL-PLYM-HN"0C-(CH 2 )3-0-PEG-0-(CH 2 ) 3 -C0-NH-NTL-PLYM 



FORMULA 2 



30 



Yet another derivatized form of polyethylene glycol, 
wherein n=2, is shown in Formula 3, as is the conjugate 
formed by reacting the derivatized PEG with collagen. 



35 
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S-PEG, n=2: Difunctional PEG Succinimidyl 



U U 
N-0-OC"{CH 2 }2-0-PEG-0-(CH2}2-CO^O-N 



NTL-PLYM-NH 2 



NTL-PLYM-NH 2 



NTL-PLYM-HN.OC-(CH 2 )rO-PEG-0-(CH 2 )2-CO-NH-NTL-PLYM 



FORMULA 3 

20 Another preferred embodiment of the invention similar to 
the conjugates provided in Formulas 2 and 3 is provided 
when n»i. The structural formula and resulting conjugate 
are shown in Figure 4. It is noted that the conjugate 
includes both an ether and a peptide linkage. These 

25 linkages are stable under physiological conditions. 



30 



35 
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15 



S-PEG, n=1: Difunctional PEG Succinimidyl 



u u 

QjN-0-0C-CH r 0-PEG-0-CH 2 -C0-0-N ^ 



NTL-PLYM-NH 2 



NTL-PLYM-NH 2 



NTL-PLYM-HN-OC-CH r O-PEG-0-CH r CO-NH-NTL-PLYM 



FORMULA 4 



20 Yet another derivatized form of PEG is provided when n=0. 
The difunctionalized form is referred to as PEG 
succinimidyl carbonate (SC-PEG). The structural formula 
of this compound and the conjugate formed by reacting 
SC-PEG with collagen is shown in Formula 5. Although 

25 this conjugate includes a urethane linkage, the conjugate 
has been found not to have a high degree of stability 
under physiological conditions. 



30 



35 
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SC-PEG, n=0: Difunctional PEG Succinimidyl Carbonate 




P Q 
N-Q-OC-O-PEG-O-CO-O-N 

0' 



10 



NTL-PLYM-NH 2 



NTL-PLYM-NH 2 



15 



NTL-PLYM-HN-OC-O-PEG-O-CO-NH-NTL-PLYM 



FORMULA 5 



20 • All of the above derivatives involve the inclusion 

of the succinimidyl group. However, different activating 
groups can be attached to one or both ends of the PEG. 
For example, the PEG can be derivatized to form 
difunctional PEG propion aldehyde (A- PEG) , which is shown 

25 in Formula 6, as is the conjugate formed by the reaction 
of A- PEG with a natural polymer or derivative thereof. 



30 



35 
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A-PEG: Difunctional PEG Propion Aldehyde 



OHC-(CH 2 )2-O-PEG-0-(CH 2 )2-CH0 



10 NTL-PLYM-NH 2 



NTL-PLYM-NH 2 



NTL-PLYM-HN-(CH 2 ) 3 -0-PEG-0-(CH 2 ) 3 -NH.NTL-PLYM 

15 



FORMULA 6 



20 Yet another functionalized form of polyethylene 

glycol is difunctional PEG glycidyl ether (E-PEG) , which 
is shown in Formula 7, as is the conjugate formed by 
reacting such with a natural polymer or derivative 
thereof . 



30 
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E-PEG: Difunctiona! PEG Glycidyl Ether 



10 



15 



0 0 

/\ /\ 

CH 2 -CH-CH r O-PEG-0-CH 2 -CH-CH 2 



NTL-PLYM-NH 2 



NTL-PLYM-NH 2 



NTL-PLYM-HN-CH 2 -CH-CH 2 -0-PEG-0-CH 2 -CH-CH 2 -NH-NTL-PLYM 



OH 



OH 



FORMULA 7 

20 The conjugates formed using the functional i zed forms 

of PEG vary depending on the functionalized form of PEG 
used in the reaction. Further, the final product can be 
varied with respect to its characteristics by changing 
the molecular weight of the PEG. In general, the 

25 stability of the conjugate is improved by eliminating any 
ester linkages between the PEG and the natural polymer 
and including ether and/or urethane linkages. In certain 
situations, it is desirable to include the weaker ester 
linkages so that the linkages are gradually broken by 

30 hydrolysis under physiological conditions, breaking apart 
the matrix and releasing a component held therein, such 
as a growth factor or cytokine. By varying the chemical 
structure of the linkages, the rate of sustained release 
can be varied. 

35 
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2* PEG Conjugation of Polys accharides: 

Hyaluronic acid comprises a polymer of the following 
repeating monomeric units, as shown in Formula 8. 



HYALURONIC ACID 




• - n 



Alternating units of 1,4-linked 
N-acetylglucosamine and glucuronic acid 

FORMULA 8 



20 



25 



30 



35 



Hyaluronic acid can be conjugated to PEG using a 
number of different methods. Preferred methods include 
modification of the carboxyl group and modification of 
the acetyl group. A reaction scheme showing a 
modification of a carboxyl group of hyaluronic acid using 
PEG-hydrazine is shown in figure 8. A reaction scheme 
showing a modification of an acetyl group with 
succinimydyl-PEG (S-PEG) is shown in figure 9. 

3. PEG Conjugation of Proteoglycans: 

As shown in figure 10, chondroitin sulfate A, 
chondroitin sulfate C, and dermatan sulfate (chondroitin 
sulfate B} are of similar structure to hyaluronic acid 
and can be conjugated to PEG by creating a derivative 
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using much the same methods used to derivatize hyaluronic 
acid. 

4. PEG Conjugation of Polylactic Acid : 

5 Esters undergo nucleophilic substitution, which is 

typical of carboxylic acid derivatives. Attack occurs at 
the electron-deficient carbonyl carbon. These reactions 
are sometimes carried out in the presence of acid. In 
these acid- catalyzed reactions, H+ attaches itself to the 
10 oxygen of the carbonyl group, rendering the carbonyl 

carbon even more susceptible to nucleophilic attack* A 
reaction scheme demonstrating such is shown in figure 11. 

5. PEG Conjugation of Polyethylene : 

15 A number of different activated PEGs, both 

difunctional and multifunctional, can be used to 
crosslink polyethylene. Difunctional or multifunctional 
E-PEG can be used for crosslinking polyethylene due to 
the ease of opening the highly strained three -member 

20 ring. The bond angles of the ring, which average 60 
degrees, are considerably smaller than the normal 
tetrahedral carbon angles of 109 degrees. Because 
polyethylene i9 not readily denatured at elevated 
temperatures (as are many natural polymers, such as 

25 collagen), E-PEG may be used to crosslink polyethylene at 
elevated temperatures. 

The reaction of difunctional E-PEG with polyethylene 
is shown below: 



30 2 PEG -OH + HjC-CH-CH^PEG-CH^CH-CHj 

\ / \ / 

0 0 



PEG - O- HjC- CH- CHj- PEG- CHj- CH-CHj-O- PEG 
OH OH 



35 
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The reaction of difunctional S-PEG with polyethylene 
is shown below: 



2 PEG-NRj + d S-PEG - PEG-NH-CO- PEG- CO-NH-PEG 

5 

The reactions of polyethylene with a multifunctional 
activated form of E-PEG and S-PEG are shown, 
respectively, within figures 12 and 13. 

The crosslinking reaction between the natural 

10 polymer and synthetic polymer may be performed in vitro , 
or a reaction mixture may be injected for crosslinking in 
situ . At sufficient density, crosslinked biocompatible 
conjugates resemble cartilage, and are useful as 
substitutes therefor (e.g., cranial onlay, ear and nose 

15 reconstruction, and the like) . In addition to forming 
conjugates between natural polymers, multifunctional 
polymers may also be used to covalently bind natural 
polymers to other proteins, particularly cytokines or 
growth factors, for compositions particularly suited for 

20 wound healing, osteogenesis, and immune modulation. Such 
tethering of growth factors or cytokines to biocompatible 
polymers such as collagen provides an effective slow- 
release drug delivery system. Ether linkages might be 
used to bond the natural and synthetic polymers whereas 

25 ester linkages might be used to attach a cytokine or 
growth factor and thereby obtain slow release of the 
cytokine or growth factor. 



6. PEG Conjugation of Collagen: 
30 Suitable collagens for use in the present invention 

include all types of collagen, including natural 
telopeptide- containing collagen which may be used in 
situations where immune response sensitivity is not 
significant. However, for most applications, non- 
35 immunogenic atelopeptide collagen, in particular types I, 
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II and III, is preferred. Collagens may be soluble (for 
example, commercially available Vitrogen® 100 collagen- 
in- solution) and may or may not have the telopeptide 
regions. Preferably, the collagen will be reconstituted 
5 fibrillar atelopeptide collagen, for example, Zyderm® 
Collagen Implant (ZCI) or atelopeptide collagen in 
solution (CIS) . Various forms of collagen are available 
commercially, or may be prepared by the processes 
described in, for example, U.S. Pat. Nos. 3,949,073; 

10 4,488,911; 4,424,208; 4,582,640; 4,642,117; 

4,557,764; and 4,689,399, all incorporated herein by 
reference. Non- fibrillar, atelopeptide, reconstituted 
collagen is preferred in order to form certain products. 
Methods for conjugating collagen to synthetic hydrophilic 

15 polymers such as PEG are described in detail in U.S. 
Patent No. 5,162,430. 

The compositions of the invention comprise natural 
polymers or derivatives thereof chemically conjugated to 
a selected synthetic hydrophilic polymer or polymers. 

20 Natural polymers such as collagen derivatives contain a 

number of available amino and hydroxy groups which may be 
used to bind the synthetic hydrophilic polymer. The 
polymer may be bound using a "linking group", as the 
native hydroxy or amino groups on the natural polymer and 

25 synthetic polymer frequently require activation before 
they can be linked. For example, one may employ 
compounds such as dicarboxylic anhydrides (e.g., glutaric 
or succinic anhydride) to form a polymer derivative 
(e.g., succinate), which may then be activated by 

30 esterif ication with a convenient leaving group, for 
example, N-hydroxysuccinimide, N,N' -disuccinimidyl 
oxalate, N,N' -disuccinimidyl carbonate, and the like. 
See also Davis, U.S. Pat. No. 4,179,337, for additional 
linking groups. Presently preferred dicarboxylic 

35 anhydrides that are used to form polymer- glutarate 
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compositions include glutaric anhydride, adipic 
anhydride, l, 8 -naphthalene dicarboxylic anhydride, and 
1,4,5, 8-naphthalenetetracarboxylic dianhydride . The 
polymer thus activated is then allowed to react with the 
5 natural polymer to form a biocompatible conjugate of the 
invention. 

Conjugates with Ester Linkages 

In one embodiment, a pharmaceutical^ pure form of 

10 monomethylpolyethylene glycol (mPEG) (mw 5,000) is 

reacted with glutaric anhydride (pure form) to create 
mPEG glutarate. The glutarate derivative is then reacted 
with N-hydroxysuccinimide to form a succinimidyl 
monomethylpolyethylene glycol glutarate. The 

15 succinimidyl ester (mPEG* , denoting the activated PEG 

intermediate) is then capable of reacting with free amino 
groups (lysine residues) present on certain natural 
polymers. The reaction results in a natural polymer-PEG 
conjugate of the invention wherein one end of the PEG 

20 molecule is free or nonbound. Other polymers may be 

substituted for the monomethyl PEG, as described above. 
Similarly, the coupling reaction may be carried out using 
any known method for derivatizing proteins and synthetic 
polymers. The number of available lysines conjugated may 

25 vary from a single residue to 100% of the lysines, 

preferably 10%-50%, and more preferably 20-30%. The 
number of reactive lysine residues may be determined by 
standard methods, for example by reaction with TNBS . 

By using a difunctionalized PEG, it is possible to 

30 connect the same or a different natural polymer or 

cytokine to the other end of the PEG. Further, the bonds 
connecting the PEG to any natural polymer and/or other 
molecules may be ester, ether, and/or urethane bonds and 
are preferably ether bonds. 
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Compositions for Bone Repair 

Formulations suitable for repair of bone defects or 
nonunions may be prepared by providing high concentration 
compositions of biocompatible conjugates, optionally in 
5 admixture with suitable particulate materials. When 

making bone repair compositions, the linkage between the 
collagen and polymer is preferably an ether linkage in 
order to avoid deterioration due to the hydrolysis of the 
ester linkages. Such conjugate/particulate compositions 

10 may be malleable or rigid, depending on the. amount of 
liquid incorporated. Formulations for treatment of 
stress -bearing bone are preferably dried and rigid, and 
will generally comprise between about 45% and 85% 
particulate calcium phosphate mineral, for example 

15 hydroxyapatite or tricalcium phosphate, or mixtures 
thereof. The tensile strength and rigidity may be 
further increased by heating the composition under vacuum 
at about 60-90°C, preferably about 75°C, for about 5 to 
15 hours, preferably about 10 hours. Malleable 

20 compositions may be used for repair of non- stressed bone 
or cartilage. 

The activated mPEG* may be replaced, in whole or in 
part, by difunctionally activated PEG (dPBG*, e.g., non- 
methylated PEG which is then activated at each end) , thus 

25 providing a crosslinked or partially crosslinked 

composition. Such compositions are, however, quite 
distinct from conventionally crosslinked collagen 
compositions (e.g., using heat, radiation, 
glutaraldehyde, and the like), as the long- chain 

30 synthetic hydrophilic polymer imparts a substantial 

hydrophilic character to the composition. In a presently 
preferred embodiment, approximately 1-20% of the PEG is 
difunctionally activated PEG. The character of the 
composition may be adjusted as desired, by varying the 

35 amount of difunctionally activated PEG included. 
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In another presently preferred embodiment, 
difunctionally activated PEG* (substantially 100% at pH 
7) is used to crosslink a natural polymer or derivative 
thereof. In one version, CIS (about 3-100 mg/mL, 
5 preferably about 10-40 mg/mL) is allowed to react with 
dPEG* (difunctional PEG activated at each end by addition 
of an acid anhydride having a leaving group such as 
succinimide) having a molecular weight of about 2,000 to 
about 100,000 (preferably about 3,400-20,000), which is 

10 added as a concentrated solution to a final reaction 
mixture concentration of about 5-40%, preferably about 
10-20%. This represents a 5- to 10 -fold excess of dPEG* 
to collagen on a molar basis. The collagen molecules 
bind to dPEG* without mechanical mixing or agitation and 

15 settle out of solution to produce a cartilaginoid 

collagen- polymer conjugate containing approximately 20- 
80% fibrillar collagen. The conjugate is then washed 
with PBS to remove any remaining unreacted dPEG* to 
provide the material of the invention. A cartilaginoid 

20 collagen -polymer conjugate may also be prepared by mixing 
a dPEG* solution (pH 3) with collagen- in- solution between 
two syringes to homogeneity, then casting into a suitable 
container (e.g., a Petri dish). A 20% w/v dPEG* solution 
(pH 7) is then added to the non- fibrillar collagen- PEG 

25 solution to result in a lightly cartilaginoid fibrillar 
collagen-polymer conjugate. The resulting NFC-FC 
conjugate cartilage contains approximately 1-40% 
fibrillar collagen. 

The characteristics of the final product may be 

30 adjusted by varying the initial reactants and reaction 
conditions. For example, natural polymers other than 
collagen can be used. In general, increased 
concentrations of the natural polymer or the PEG provide 
a denser, less porous product. By varying the pH of the 

35 collagen solution and the dPEG* solution, compositions 
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may be producing over a wide range of fibrillar collagen 
content. If desired, the denser formulations may be cast 
or molded into any shape desired, for example into 
sheets, membranes, tubes, cylinders, strings, cords, 
5 ropes, and the like. Certain shapes may be produced by 
extrusion. 

Breast Implants 

Biocompatible polymer conjugates can also be used as 

10 coatings for breast implants. The surface of a standard 
silicone- shell implant can be chemically derivatized to 
provide active binding sites for di- or multifunctional 
PEG bound to a natural polymer resulting in a three -part 
conjugate as follows: (natural polymer- PEG- silicone) . 

15 The presence of the conjugate coating bound directly to 
the silicone via PEG will serve to reduce scar tissue 
formation and capsular contracture. Unlike typical 
coated breast implants, scar tissue will not be able to 
grow between the conjugate coating and the surface of the 

20 implant itself. 

Alternatively, the conjugate can be formed into a 
hollow sphere for use as a breast implant shell. The 
shell can then be filled with a radiolucent material, 
such as triglycerides, to facilitate mammography. 

25 

Coated Medi cal Devices 

The injectable conjugate formulations (gels or 
solutions) may be used to coat implants, catheters, tubes 
(e.g., for blood vessel replacement), meshes (e.g., for 

30 tissue reinforcement), strings, and the like. 

Biocompatible conjugate formulations can also be used to 
coat platinum wires, which can then be administered to 
the site of an aneurysm via catheter. Gels may be 
prepared with various polymer concentrations and 

35 different reaction times. CIS is the preferred starting 
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material when the desired properties are high density, 
rigidity, viscosity, and- translucence. However, one may 
substitute fibrillar collagen (preferably atelopeptide 
fibrillar collagen such as ZCI) , as well as other natural 
5 polymers, to obtain products having different 

characteristics, such as greater opacity, flexibility, 
and susceptibility to colonization by cells following 
implantation- CIS -based materials are presently 
preferred for coating articles designed for implantation, 

10 such as catheters and stress -bearing bone implants. The 
CIS material is linked to the PEG by an ether bond. 

Compositions of the invention (particularly 
crosslinked collagen compositions) are also useful for 
coating articles for implantation or relatively long-term 

15 residence within the body. Such surface treatment 

renders the object non- immunogenic and, as such, reduces 
the incidence of foreign body reactions. Accordingly, 
one can apply compositions of the invention to catheters, 
cannulas, bone prostheses, cartilage replacements, breast 

20 implants, minipumps, and other drug delivery devices, 
artificial organs, and the like. Application may be 
accomplished by dipping the object into the reaction 
mixture while crosslinking is occurring and allowing the 
adherent viscous coating to dry. One may pour, brush, or 

25 otherwise apply the reaction mixture if dipping is not 

feasible. Alternatively, "one may use flexible sheets or 
membranous forms of collagen -polymer conjugate to wrap 
the object with, sealing corners and edges with the 
reaction mixture. 

30 In another embodiment, the object may be dipped in a 

viscous collagen- involution bath, or in a fibrillar 
collagen solution until the object is completely coated. 
The collagen solution is fixed to the object by dipping 
the collagen- coated object into a dPEG* (pH 7) solution 

35 bath, then allowing the collagen-polymer coated object to 



WO 94/01483 



PCT/US93/06292 



-40- 

dry. Alternatively, viscous collagen- in- solution is 
mixed with a dPEG* (pH 3) solution and polymerized 
rapidly, as described above. The object is dipped in the 
acidic collagen -polymer solution and cured by dipping the 
5 coated object into a neutralizing buffer containing about 
20% by weight dPEG* (pH 7) , resulting in a collagen- 
polymer coated object. 

Coated Implants 

!0 In addition to breast implants, the biocompatible 

conjugates of the present invention can be used to 
produce a variety of different types of coated implants. 
The conjugates can be formed such as by binding a 
synthetic polymer such as PEG to a natural polymer such 

15 as hyaluronic acid. The biocompatible conjugate formed 
can be coated onto the surface of any type of implant 
device and will be useful in improving the 
biocompatibility of the implant. It is also possible to 
use multifunctional PEG. When multifunctional PEG is 

20 used, another active site on the PEG can be used to bind 
a biologically active compound such as a cytokine. When 
the three -part conjugate is formed, it can be coated onto 
the surface of the implant. The inclusion of a conjugate 
comprised of cytokine -PEG -hyaluronic acid on the surface 

25 of the implant promotes integration of growth of the 
surrounding cells into the implant. 

In accordance with a preferred embodiment of the 
coated implant, a multifunctional synthetic polymer such 
as multifunctional PEG is used. One of the active sites 

30 of the multifunctional PEG is connected to a natural 

polymer such as hyaluronic acid or collagen while another 
active site of the multifunctional PEG is allowed to 
react directly with an activated site on the surface of 
the implant. Accordingly, the conjugate is covalently 

35 bound directly to the surface of the implant. It is also 
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pointed out that many implants are used to augment or 
repair bone and require a tight fit within the space 
where the implant is to be placed. When such is the 
case, it is desirable to create a coated implant wherein 
5 the conjugate used for the coating is initially comprised 
of a large amount of water, e.g., a collagen-PEG 
conjugate. When a collagen-PEG conjugate is produced and 
coated on the surface of the implant, the coating can 
then be dried, which will reduce the size of the coating 

10 substantially. The coated implant is then placed in 
position within a bone to be repaired or augmented aid 
will rehydrate and expand in tissue. In addition to 
combining the coating with various biologically active 
compounds such as cytokines and growth factors, it is 

15 possible to include particular materials which can aid in 
improving the structural integrity of the coating and 
provide for a more irregular surface to assist in 
promoting integration with the surrounding tissues. 
Coated implants are preferably coated with a conjugate 

20 formed with ether linkages in that it is desirable to 
maintain the conjugate when used in a living body, and 
the ether linkages are less susceptible to hydrolysis 
than the ester linkage. 

25 Conjugate and Cytokines and/or Growth Factors 
Compositions of the invention containing 
biologically active cytokines or growth factors such as 
EGP and TGF-0 are prepared by mixing an appropriate 
amount of the cytokine or growth factor into the 

30 composition, or by combining the cytokine or growth 

factor with a natural polymer prior to treatment with 
activated PEG. By employing an appropriate amount of 
difunctionally activated PEG, a degree of crossl inking 
may be established, along with conjugates consisting of a 
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natural polymer bound to a cytokine or growth factor by a 
synthetic hydrophilic polymer. 

Preferably, the cytokine or growth factor is first 
reacted with a molar excess of dPEG* in a dilute solution 
over a 3 to 4 hour period. The cytokine or growth factor 
is preferably provided at a concentration of about 1 
/xg/mL to about 5 mg/mL, while the dPEG* is preferably 
added to a final concentration to provide a 30- to 50- 
fold molar excess. The resulting conjugated cytokine is 
then added to an aqueous collagen mixture (about 1 to 
about 60 mg/mL) at pH 7-8 and allowed to react further. 
The resulting composition is allowed to stand overnight 
at ambient temperature . The pellet is collected by 
centrifugation and is washed with PBS by vigorous 
vortexing in order to remove any non- bound cytokine or 
growth factor molecules. 



Biocompatible Strings 

In one embodiment of the invention, the 

20 biocompatible conjugates are used to form elongated 

cylinders or strings. The strings have a diameter and 
range of about 0.10mm to about 20mm and more preferably a 
diameter of about 0.25mm to about 2.5mm. The strings may 
be any length, but preferably have a length in the range 

25 of about 0.25cm to about 25cm. The length and diameter 
of the string will depend, to a large extent, upon the 
desired use. The strings may be produced by molding or 
extrusion of the conjugate material. Strings which 
dissolve in tissue could be used as surgical sutures and 

30 would be comprised of conjugates using ester linkages 

which are broken by hydrolysis. The strings can be cut 
into small pieces, dehydrated and injected for soft 
tissue augmentation. The strings can be modified to 
include other biologically active components such as 
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cytokines or growth factors to encourage further tissue 
deposition for soft tissue augmentation. 

Membranous Forms 
5 Flexible sheets or membranous forms may be prepared 

by methods known in the art, for example, U.S. Patent 
Nos. 4,600,533; 4,412,947; and 4,242,291. These 
methods can be used to produce membranes using the 
biocompatible conjugates of the present invention. To 

10 produce a membrane, a natural polymer such as a high 

concentration (10-100 mg/mL) CIS or fibrillar collagen 
(preferably atelopeptide fibrillar collagen such as ZCI) 
is cast into a flat sheet container. A solution of mPEG* 
(having a molecular weight of approximately 5,000) is 

15 added to the cast collagen solution and allowed to react 
overnight at room temperature. The resulting collagen- 
polymer conjugate is removed from the reaction solution 
using a sterile spatula or the like and washed with PBS 
to remove excess unreacted mPEG*. 

20 The resulting conjugate may then be compressed under 

constant pressure to form a uniform flat sheet or mat, 
which is then dried to form a membranous implant of the 
invention. More flexible membranous forms are achieved 
by using lower concentrations of the natural polymer 

25 (e.g., collagen) and high synthetic polymer 
concentrations . 

Less flexible membranous forms are prepared by using 
a dPEG* solution rather than mPEG*. CIS, at room 
temperature, is mixed with a buffer solution and 

30 incubated at 37°C overnight. The resulting gel is 

compressed under constant pressure, dried, and desalted 
by washing. The resulting membrane is then crosslinked 
by treating with dPEG* , washed, and then dried at low 
temperature . 

. 35 
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Alternatively, CIS or fibrillar collagen (10-100 
mg/mL) is cast into a flat sheet container. A solution 
of dPEG* (22-50% w/v) is added to the cast collagen. The 
mixture is allowed to react over several hours at room 
5 temperature. Shorter reaction times result in more 
flexible membranes. The resulting collagen-polymer 
membrane may be optionally dehydrated under a vacuum oven 
or by lyophilization or air-drying. 

10 Sponges 

Biocompatible conjugates may also be prepared in the 
form of sponges by lyophilizing an aqueous slurry of the 
composition following conjugation. 

15 Biocompatible Polymer TutSes 

The biocompatible conjugates of the present 
invention can be used to form tubes by molding or 
extrusion. The tubes have an outer diameter in the range 
of 0.25mm to about 5.0cm and inner diameter in the range 

20 of 0.05mm to about 4.9cm. The tubes have a generally 
circular cross section with respect to their inner and 
outer diameters. Although the tubes may be of any 
length, they generally have a length of more than 10mm 
and, more preferably, greater than 10cm. Although the 

25 tubes may be produced with the conjugates having any type 
of linkages, including ester, ether, or urethane 
linkages, it is preferable to produce the tubes using 
ether linkages. The tubes can be used to repair various 
types of channel in a living being such as veins , 

30 arteries, and fallopian tubes. However,' the use of the 
tubes is not limited as such. 

Soft Tissue Augmentation 

Compositions of the invention have a variety of 
35 uses. Malleable, plastic compositions may be prepared as 
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injectable formulations which are suitable for dermal 
augmentation, for example, for filling in dermal creases 
and providing support for skin surfaces. Such 
compositions are also useful for augmenting sphincter 
tissue, (e.g., £or restoration of continence), m such 
cases, the formulation may be injected directly into the 
sphincter tissue to increase bulk and permit the 
occluding tissues to meet more easily and efficiently 
These compositions may be homogeneous or may be prepared 
10 as suspensions of small microgel conjugate particles or 
beads which are delivered in a nonaqueous fluid carrier 
The beads/particles rehydrate and swell jLn gi£u This 
has the advantage over commercial preparations in that 
less volume of product needs to be injected to achieve 
15 the desired connection. 

Surprisingly, one may administer the reaction 
mixture by injection before crosslinking has completed 
For example, an aqueous collagen mixture is combined with 
a low- concentration dPEG* solution, mixed, and the 
20 combination injected or applied before the viscosity 
increases sufficiently to render injection difficult 
(usually about 20 minutes) . Mixing may be accomplished 
by passing the mixture between two syringes equipped with 
Luer lock hubs, or through a single syringe having dual 
25 compartments (e.g., double barrel) . The composition 

crosslinks in *ifcll f and may additionally crosslink to the 
endogenous tissue, anchoring the implant in place, m 
this method, one can use collagen (preferably fibrillar 
collagen) at a concentration of about 10-100 mg/mL 
30 although abut 30-80 mg/mL is preferred, most preferably 
about 33 mg/mL. The dPEG* concentration is preferably 
about 0.1 to about 3%, although concentrations as high as 
30% may be used if desired. The mixture is injected 
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directly into the site in need of augmentation, and 
causes essentially no inflammation or foreign body 
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reaction. One may additionally include particulate 
materials in the collagen reaction mixture, for example, 
hydrogel or collagen- dPEG beads, or hydroxyapatite/ 
tricalcium phosphate particles, to provide a bulkier or 
5 more rigid implant after crosslinking. 

Cartilage Repair 

Compositions of the invention may be prepared in a 
form that is dense and rigid enough to substitute for 

10 cartilage. These compositions are useful for repairing 
and supporting tissue which require some degree of 
structure, for example, in reconstruction of the nose, 
ear, knee, larynx, tracheal rings, and joint surfaces. 
One can also replace tendons, ligaments, and blood 

15 vessels using appropriately formed cartilaginoid 
material. In these applications, the material is 
generally cast or molded into shape. In the case of 
tendons and ligaments, it may be preferable to form 
filaments for weaving into cords or ropes. A reinforcing 

20 mesh (e.g., nylon or the like) may optionally be 
incorporated to increase structural integrity. 

Cytokine and Growth Pactor Administration 

Compositions of the invention containing cytokines 

25 and growth factors are particularly suited for sustained 
administration, as in the case of wound healing 
promotion. Osteoinductive factors and cof actors 
(including TGF-0) and bone morphogenic protein (BMP) may 
advantageously be incorporated into compositions destined 

30 for bone replacement, augmentation, and/or defect repair. 
Compositions provided in the form of a membrane may be 
used to wrap or coat transplanted organs- in order to 
suppress rejection and induce improved tissue growth. 
Similarly, organs may be coated for transplantation using 

35 a crosslinking reaction mixture of growth factor-polymer 
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conjugates and collagen. Alternatively, one may 
administer antiviral and antitumor factors such as TNF, 
interferons, CSFs, TGF-0, and the like for their 
pharmaceutical activities. The amount of composition 
used will depend upon the severity of the condition being 
treated, the amount of factor incorporated in the 
composition, the rate of delivery desired, and the like. 
However, these parameters may easily be determined by 
routine experimentation, for example, by preparing a 
model composition following the examples below, and 
assaying the release rate of active compound in a 
suitable experimental model. 



EXAMPLES 

The following examples are set forth so as to 
provide those of ordinary skill in the art with a 
complete disclosure and description of how to make the 
conjugates, formulations, articles and implants 
incorporating such conjugates and are not intended to 
limit the scope of the invention. Efforts have been made 
to ensure accuracy with respect to numbers used (e.g., 
amounts, temperature, molecular weight, etc.), but some 
experimental errors and deviation should be accounted 
for. Unless indicated otherwise, parts are parts by 
weight, molecular weight is average molecular weight, 
temperature is in degrees Centigrade, and pressure is at 
or near atmospheric. 



Example 1 
(Preparation of Collagen- PEG) 
(A) Monomethyl-PEG 5000 (50 g, 10 mmol, Aldrich 
Chemical Co.) is dissolved in 1,2-dichoroethane (250 mL) 
and heated at reflux with glutaric anhydride (5 g) and 
pyridine (4 mL) under nitrogen for 3 days. The solution 
is then filtered and the solvent evaporated, and the 
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residue dissolved in water (100 mL) and washed with 
diethyl ether (2X 50 mL) . The resulting PEG-glutarate is 
extracted from the water with chloroform (2X 50 mL) , and 
the chloroform evaporated to yield about 43 g of PEG- 
5 glutarate. The PEG-glutarate is then dissolved in 
dimethyl formamide (DMF, 200 mL) at 37°C, and N- 
hydroxysuccinimide (10% molar xs) added. The solution is 
cooled to 0°C, and an equivalent amount of 
dicyclohexylcarbodiimide added in DMF solution (10 mL) . 

10 The mixture is left at room temperature for 24 hours, and 
then filtered. Cold benzene (100 mL) is then added, and 
the PEG-succinimidyl glutarate (PEG-SG) precipitated by 
adding petroleum ether (200 mL) at 0°C. The precipitate 
is collected on a sintered glass filter. Dissolution in 

15 benzene, followed by precipitation with petroleum ether 
is repeated three times to provide "activated" PEG (PEG- 
SG) . 

Vitrogen 100® collagen in solution (400 mL, 1.2 g 
collagen, 0.004 mmol) was mixed with 0.2 M phosphate 
20 buffer (44 mL) to elevate the pH to 7.4. Next, a three- 
fold molar excess of SG-PEG (6.00 g, 1.2 mmol) was 
dissolved in water for injection (40 mL) and sterile- 
filtered. The SG-PEG solution was then added to the 
collagen solution, and the mixture allowed to stand at 
25 17-22°C for about 15 hours. The solution was then 
centrifuged, and the resulting pellet (25 g) of 
reconstituted fibrils collected and washed with 
phosphate -buffered saline (PBS, 3X 400 mL) to remove 
residual PEG. The resulting material has a solid, 
coherent elasticity, and may be picked up on a spatula 
(the equivalent non- conjugated collagen, Zyderm® Collagen 
Implant, is more fluid). The resulting material may be 
diluted with PBS to provide a dispersion having a 
concentration of 20.5 mg/mL collagen- PEG. 
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(B) Similarly, proceeding as in part (A) above but 
substituting polypropylene glycol and POE-POP block 
polymers for polyethylene glycol, the corresponding 
collagen-PPG and collagen- POE-POP compositions are 
prepared. 

(C) Difunctional PEG 3400 (34 g, io mmol, Aldrich 
Chemical Co.) is dissolved in 1,2-dichoroethane (250 mL) 
and heated at reflux with glutaric anhydride (10 g) and 
pyridine (4 mL) under nitrogen for 3 days. The solution 
is then filtered and the solvent evaporated, and the 
residue dissolved in water (100 mL) and washed with 
diethyl ether (2X 50 mL) . The resulting PEG-diglutarate 
is extracted from the water with chloroform (2X 50 mL) , 
and the chloroform evaporated to yield PEG-diglutarate. 

15 The PEG-diglutarate is then dissolved in DMF (200 mL) at 
37»C, and N-hydroxysuccinimide (10% molar xs) added. The 
solution is cooled to 0»C, and an equivalent amount of 
dicyclohexylcarbodiimide added in DMF solution (10 mL) . 
The mixture is left at room temperature for 24 hours, and 
20 then filtered. Cold benzene (100 mL) is then added, and 
the PEG-di (succinimidyl glutarate) (dPBG-SG) precipitated 
by adding petroleum ether (200 mL) at 0°C. The 
precipitate is collected on a sintered glass filter. 
Dissolution in benzene, followed by precipitation with 
petroleum ether is repeated three times to provide 
"activated" dPEG (dPEG*) . 

Vitrogen 100® collagen in solution (400 mL, 1.2 g 
collagen, 0.004 mmol) was mixed with 0.2 M phosphate 
buffer (44 mL) to elevate the pH to 7.4. Next, a three- 
fold molar excess of dPEG* (6.00 g, 1.2 mmol) was 
dissolved in water for injection (40 mL) and sterile- 
filtered. The dPEG* solution was then added to the 
collagen solution, agitated, and the mixture allowed to 
stand at 17-22»C for about 15 hours. The solution was 
35 then centrifuged, and the resulting pellet of 
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reconstituted fibrils collected and washed with PBS <3X 
400 aiL) to remove residual dPEG* . The pellet was then 
placed in a syringe fitted with a Luer lock hub connected 
to a second syringe, and was passed between the syringes 
until homogeneous. The resulting material is a microgel 
or a particulate suspension of random size fibrils in 
solution (microgel conjugate) . The material is a smooth, 
pliable, rubbery mass, with a shiny appearance. 

(D) Preparation of Cartilaginoid Conjugates: 
Approximately 20% by weight of dPEG* (pH 7) was 
added to collagen in solution (33.8 mg/mL) , and incubated 
at 21 °c for about 16 hours. The resulting conjugate was 
washed with 100 mL PBS 3-5 times over 12 hours. The 
resulting cartilaginoid non-fibrillar collagen-polymer 
conjugate (NFC-FC cartilage) was a translucent solid with 
coherent elasticity. The product contained approximately 
20-80% fibrillar collagen. 

Another NFC cartilage composition was prepared by 
mixing dPEG* solution (0.6 g, pH 3) with collagen in 
solution (33.8 mg/mL, P H 2). The mixture was passed 
between two syringes joined by a Luer lock connector to 
form a homogenous solution. A solution of dPEG* (20% 
w/v) in a neutralizing buffer was then added to result in 
a substantially non-fibrillar collagen (NFC) cartilage 
25 material. The resulting product contained approximately 
1-40% fibrillar collagen. 

Alternatively, fibrillar collagen may be used 
instead of CIS to produce a cartilaginoid fibrillar 
collagen-polymer conjugate (FC cartilage) having an 
30 opaque appearance and high fibrillar content. Such FC 

cartilage is more porous and permeable than non-fibrillar 
biocompatible conjugates. 
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Example 2 
(Characterization) 
(A) Collagen-mPEG prepared in Example 1A was 
characterized and compared with Zyderm® Collagen Implant 
5 (ZCI) and glutaraldehyde-crossl inked fibrillar collagen 
(GAX) . 

Extrusion : 

This assay measured the force required to extrude 
10 the test composition through a 30 gauge needle. The 
results can be graphed to show that force required (in 
Newtons) versus plunger travel allowed for a smooth 
extrusion of ZCI, requiring a force of about 20-30 
Newtons. However, if they are graphed as regards GAX, it 
15 will show GAX was not extruded smoothly, as shown by the 
"spiking" exhibited in the force trace. During certain 
parts of the extrusion, GAX required about 10-15 N for 
extrusion, in contrast, collagen-mPEG demonstrated a 
very low extrusion force (8-10 N) , with little or no 
20 spiking. 



Intrusion ; 

Intrusion is a measure of the tendency of a 
composition to "finger" or channel into a porous bed, 

25 rather than remaining in a compact mass. Low intrusion 
is preferred in augmentation of soft tissue, so that the 
injected implant does not diffuse through the dermis and 
remains in place. 

A 1 mL syringe fitted with a 30 gauge needle was 

30 half-filled with silicon carbide particles (60 mesh), 

simulating human dermis. The upper half of the syringe 
was filled with 0.5 mL test composition (GAX, ZCI, or 
collagen-mPEG) at 35 mg/mL. The plunger was then fitted, 
and depressed. On depression, ZCI appeared at the 

35 needle, demonstrating intrusion through the silicon 
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carbide bed. Syringes filled with GAX or collagen-mPEG 
of the invention did not pass collagen, instead releasing 
only buffer, demonstrating no intrudability. 

5 Helicity : 

The portion of each composition exhibiting 
nonhelical character was measured using sensitivity to 
digestion with trypsin. Samples were treated with the 
protease trypsin, which is capable of attacking only 

10 fragmented portions of the collagen protein. The extent 
of hydrolysis is measured by f luorescamine assay for 
solubilized peptides, and the results are expressed as 
percentage non-helical collagen. The percentage of non- 
helical collagen was measured 30 minutes after the 

15 beginning of the digestion period. The results indicated 
that ZCI was 3-10% sensitive, GAX was 1-2% sensitive, and 
collagen-mPEG was about 1% sensitive. Sensitivity to 
trypsin may also correlate to sensitivity to endogenous 
proteases following implantation. 



20 



25 



Collaae nase Sensitivity : 

The sensitivity of each composition to collagenase 
was also measured. ZCI was 65.2% digested, compared to 
2.2% for GAX, and 45.8% for collagen-mPEG. 



Phase Tranfli>.jrm* 

The behavior of each composition vs. temperature was 
examined using a differential scanning calorimeter. On 
heating, ZCI exhibited multiple peaks at about 45 and 
30 53 °C. GAX exhibited a peak at 67-70°C. Collagen-mPEG 
exhibited a peak at 56-61°C. 



35 



Lysine Content? 

The number of free lysines per mole was determined 
for each composition using TNBS to quantify reactive 



W ° 94/0,483 PCT/US93/06292 



-53- 



10 



epsilon amino groups. ZCI exhibited about 30 lysines per 
(single helix) molecule (K/rn) , whereas GAX exhibited 26- 
27 K/m, and collagen-mPEG 21-26 K/m. 

(B) Characterization of Crosslinked Biocompatible 
Conjugates: 

A collagen-dPEG conjugate prepared as described in 
Example 1C was characterized using differential scanning 
calorimetry (DSC) . This test is a measure of the 
transition temperature during fragmentation of the 
collagen molecule at a microscopic level. A lowering of 
the transition temperature indicates an increase in 
fragmentation in a manner similar to that measured by 
trypsin sensitivity. 

The collagen- dPEG conjugate showed a single 
15 denaturational transition at 56°C by DSC, which is 

similar to the typical melting point of the collagen- PEG 
conjugate prepared in Example 1A. By comparison, ZCI has 
a melting temperature of 45-53°C, with multiple 
denaturational transitions, and GAX has a melting 
temperature of 67-70°C, with a single denaturational 
transition. 

The extrusion test described in Example 2A could not 
be used to characterize the collagen-dPEG conjugate 
because the material was not extrudable through a 30 
25 gauge needle. 

Using the intrusion test described in Example 2A, 
the passage of collagen-dPEG was completely blocked at 
the silicon carbide bed, which indicates high 
crosslinking between the collagen molecules and little or 
30 no intrudability. 



20 



35 
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Example 3 
{ Immunogenic ity) 
< A ) Non- cross linked PEG- Collag en* 
This experiment was conducted to demonstrate the 
relative immunogenicity of a collagen-mPEG preparation of 
the invention versus a commercially available bovine 
collagen formulation prepared from essentially the same 
source material, and having a similar consistency- As 
both collagen preparations were prepared using 
atelopeptide collagen {which is only weakly immunogenic) , 
the preparations were formulated with either complete 
Freund's adjuvant (CFA) or incomplete Freund's adjuvant 
(IFA) , to enhance the immune response. This is a severe 
test, designed to magnify any possible immune reaction. 

Collagen-mPBG was prepared as in Example 1A above. 
Male Hartley guinea pigs (ll) were anesthetized and bled 
by heart puncture for pre- immunization serologic 
evaluation. Five animals were treated with two 0.1 mL 
intramuscular injections of Zyderm® Collagen Implant 
(ZCI) emulsified in CFA (1:9) in the left and right 
thighs. Another five animals were treated in the same 
fashion, using collagen- PEG (35 mg/mL) emulsified in CFA. 
One animal was treated with collagen-PEG in IFA. At day 
14 following immunization, all animals were again bled by 
heart puncture, and serum obtained for antibody titer 
determination (using ELISA) . Serology was again 
performed at day 30. 

On day 30, following collection of serum samples, 
each animal was challenged intradermally with both ZCI 
and collagen-PEG (0.1 mL of each, one on each flank). 
Delayed- type hypersensitivity (DTH) was quantified as a 
measure of cell -mediated immunity. DTH was evaluated at 
24, 48, and 72 hours post -challenge by measuring the 
diameter of any wheal using micrometer calipers, and 
35 noting the extent of erythema and induration. Animals 



20 



25 



30 
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were then euthanized with C0 2 and the injection sites 
excised and fixed in neutral, buffered formalin for 
histological study. 

Serological results indicated reduced immunogenicity 
5 of collagen- PEG vs. ZCI. At day 14, 80% of 2CI immunized 
animals exhibited "positive" antibody responses (titer > 
160 at day 14), whereas 0% of the collagen- PEG immunized 
animals exhibited positive responses* At day 30, all 
ZCI- immunized animals exhibited high antibody titers, 
10 whereas none of the collagen - PEG* immunized animals (C- 
PEG) exhibited high titers. The data are shown in 
Table 1. 



Table 1: Immunogeni city 



20 



25 



Animal 


Treatment 


Antibody Titer 
day 14 day 30 


1 


ZCI 


320 


>2560 


2 


ZCI 


320 


1280 


3 


ZCI 


2560 


>2560 


4 


ZCI 


320 


>2560 


5 


ZCI 


80 


2560 


6 


C-PEG 


0 


0 


7 


C-PEG 


0 


160 


8 


C-PEG 


40 


640 


9 


C-PEG 


0 


20 


10 


C-PEG 


0 


640 


11 


C-PEG (IFA) 


0 


160 



Responses to the DTH challenge also demonstrated 
that the collagen-mPEG of the invention is less 
immunogenic. Guinea pigs immunized with ZCI and 
challenged with ZCI exhibited a wheel measuring 1.128 ± 

30 0.058 cm in diameter. Animals immunized with collagen- 
mPEG and challenged with collagen-mPEG exhibited wheals 
measuring 0.768 + 0.036 cm. Animals immunized with ZCI 
and challenged with collagen-mPEG, or immunized with 
collagen-mPEG and challenged with ZCI, developed wheals 

35 smaller than the ZCI - immunized, ZCI -challenged wheals. 
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Responses measured at 48 and 72 hours were essentially 
the same or lower than the 24 hour response for each 
site. Erythema was essentially the same for all animals. 
Histological studies showed that both materials 
5 exhibited comparable intrusion, fingering into the dermis 
and subcutaneous space. Sites of intradermal challenge 
with ZCI in ZCI- immunized animals exhibited the most 
extensive inflammatory response, including a cellular 
infiltrate of lyrqphohistiocytic elements with eosinophils 

10 and occasional giant cells. Two of the implant sites 
demonstrated an erosive inflammation of the overlying 
epidermis and eschar formation. Sites of intradermal 
challenge with collagen-mPEG in ZCI- immunized animals 
exhibited only a moderate associated inflammatory 

15 infiltrate, with a marked reduction in acute cells and 

lymphoid elements. Histiocytes and giant cells were more 
prevalent, and in some samples lined and colonized the 
implants heavily. Animals immunized with collagen-mPEG 
exhibited only slight to moderate reaction, with ZCI 

20 challenge sites accompanied by a modest lymphohistiocytic 
perivascular infiltrate with a few eosinophils and giant 
cells. Collagen-mPEG challenge sites were typically 
accompanied by a minimal scattering of lymphoid cells 
near the associated vasculature. 

25 

(B) Crosslinked dPEG-Collaaen Conjugates : 
Collagen-dPEG conjugates were prepared as in Example 
ID. The samples were implanted in the dorsal subcutis 
and as cranial onlays in rats. After implantation for 30 

30 days in the subcutis, NFC cartilage and NFC-FC cartilage 
materials had a homogeneous microfibrillar structure. 
Mild colonization by connective tissue cells occurred at 
the periphery of the NFC-FC cartilage samples, and mild 
capsule formation was present. No colonization had 

35 occurred with the NFC cartilage material and mild capsule 
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formation was present. FC cartilage had a very fibrous 
structure with mild but frequently deep colonization by 
connective tissue cells and sparse numbers of adipocytes. 
Trace amounts of capsule were present in limited areas of 
the FC cartilage samples. NFC cartilage materials tended 
to retain their pre -implantation shape, with sharply 
defined edges, while the NFC-FC cartilage samples tended 
to flatten over time and develop rounded profiles. 

When implanted as cranial onlays, the appearance of 
each of the materials was similar to that in the subcutis 
except that the samples tended to become anchored to the 
skull via integration of the capsule or surrounding loose 
connective tissue with the periosteum. 

All of the samples appeared to be biocompatible, 
have differing degrees of colonization by host tissues, 
and varying mechanical characteristics. 



20 



Example 4 
(In situ Crosslinking) 
A dPEG solution was prepared as described in Example 
1C above. The following samples were then prepared: 
(1) 5 mg dPEG in 80 fih water, mixed with 0.5 mL 

fibrillar collagen (35 mg/mL) , to a final dPEG 
concentration of 1% by volume; 
25 (2) 15 mg dPEG in 80 /iL water, mixed with 0.5 mL 

-fibrillar collagen (35 mg/mL), to a final dPEG 
concentration of 3% by volume; 

(3) Vitrogen® 100 collagen in solution; 

(4) 5 mg dPEG in 80 /iL water, mixed with 0.5 mL 
30 non-f ibrillar collagen (35 mg/mL), to a final 

dPEG concentration of 1% by volume; 

(5) 15 mg dPEG in 80 \iL water, mixed with 0.5 mL 
non- fibrillar collagen (35 mg/mL), to a final 
dPEG concentration of 3% by volume; 

35 
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(6) 5 mg dPEG in 0.5 ml PBS , to a final dPEG 
concentration of 1% by volume; and 

(7) GAX. 

5 The dPEG solutions of Samples 1, 2, 4, and 5 were 

placed in a 1 mL syringe equipped with a Luer lock 
fitting and connector, and joined to another syringe 
containing the collagen material. The solutions were 
mixed by passing the liquids back and forth between the 
10 syringes several times to form the homogeneous reaction 
mixture . 

The syringe connector was then removed and replaced 
with a 27 gauge needle, and approximately 50 fiL of the 
reaction mixture was injected intradermally into each of 

15 20 guinea pigs. Samples 3, 6, and 7 were similarly 

administered through a 27 gauge needle. At intervals up 
to 30 days following injection, the treatment sites were 
harvested and studied histologically. 

By 30 days, all of the materials appeared to be 

20 biocompatible. Samples 1 and 2 displayed wide dispersion 
with an intermediate degree of interdigitation with 
dermal collagen fibers. Colonization by connective 
tissue cells was moderate, and a trace of round cell 
infiltrate with eosinophils was seen. 

25 Samples 3, 4, and 5 were highly dispersed and finely 

interdigitated with dermal collagen fibers. Colonization 
was mild to moderate, and trace levels of round cell 
infiltration were seen. 

Sample 6 had no detectable effects. Sample 7 

30 occurred as large islands with moderate colonization and 
trace to mild levels of inflammation. 



35 
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Example 5 
(Coating of Implants) 
A collagen- dPEG reaction mixture was prepared as 
described in Example 1C above. A titanium implant was 
dipped into the reaction mixture approximately 20 minutes 
after crosslinking was initiated. The implant was then 
allowed to finish crosslinking and dried overnight . 



Example 6 

10 (Collagen- Polymer-Growth Factor Conjugates) 

(A) A conjugate containing crosslinked collagen- 
dPEG-TGF-j8l was prepared as follows: 

A solution of TGF-01 and 125 I-TGF-/Sl (10 5 cpm; 25 
fih of 1 mg/mL) was added to a solution of dPEG* (4 mg) in 

15 CH 2 C1 2 (10 ° M L ) / and the mixture allowed to react for 12 
(sample #3) or 35 (sample #5) minutes at 17°C. To this 
was added 2.5 mL of collagen solution (3 mg/mL 
atelopeptide nonf ibrillar collagen) , and the resulting 
mixture allowed to incubate overnight at ambient 

20 temperature. The pellet which formed was collected by 
centrifugation to provide collagen- dPEG-TGF-01. 

(B) A composition based on fibrillar atelopeptide 
collagen was prepared as in part A above, but limiting 
TGF-01/dPEG* reaction time to 2 minutes, and substituting 

25 7 mg of fibrillar collagen (precipitated from collagen in 
solution within 2 minutes prior to use) for collagen in 
solution. 

(C) A composition containing dPEG- crosslinked 
collagen and free TGF-01 was prepared as follows: 

30 A solution of dPEG* (4 mg) in CH 2 C1 2 (100 ph) was 

added to 2.5 mL of CIS (3 mg/mL atelopeptide nonf ibrillar 
collagen) , and the resulting mixture allowed to incubate 
overnight at ambient temperature. The pellet which 
formed was washed to remove unreacted dPEG* , and 25 /ig of 

35 TGF-j8l mixed in to provide collagen-dPEG + TGF-01. 
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(D) The degree of TGF-jSl binding was determined as 
follows: 

Each composition prepared in parts A-C above was 
washed six times with 0.5 mL of buffer (0.02 M phosphate 
5 buffer, 0.1% BSA) by vigorous, vortexing followed by 

centrifugation in order to remove non-bound TGF-01. The 
pellet and supernatants were collected at each time of 
washing, and were counted. The results can be graphed to 
demonstrate that the TGF-01 in the simple mixture is 
10 quantitatively released within about 6. washings, while 
approximately 40% of the TGF-01 is retained in the 
compositions of part B and 50% is retained in the 
compositions of part A. 

(E) The biological activity of the materials 
15 prepared above was assayed as follows: 

Compositions prepared according to part A (CIS-dPEG- 
TGF-01) (TGF-jffl/ dPEG* reaction time of 12 minutes) and 
part C (CIS-dPEG + TGF-01) were prepared, as well as a 
control prepared according to part C without TGF-01 (CIS- 

20 dPEG) . The samples were washed in PBS/BSA eight times as 
described in part D, then washed an additional three 
times in fetal bovine serum (Gibco) at 37°C. This 
washing protocol resulted in visually detectable material 
loss, so remaining TGF-01 content was determined by 

25 counting the remaining 125 I. TGF-01 activity was then 
assayed by ELISA. The results are shown in Table 2 
below. 



WO 94/01483 



PCT/US93/06292 



10 



15 



-61- 

Table 2: Retention of Biological Activity 



Sample 


125, 
Counts 


remaining 
TGF-jSl (jig) 


O.D. 

(414 nm) 


CIS-dPEG 


0 


0 


0.015 
0.015 


CIS-dPEG + TGF-01 


2775 


0.5-1.0 


0.029 
0.035 


CIS-dPEG-TGF-01 


42604 


7.4 


0.102 
0.082 



The data demonstrate that the TGF-01 retained in the 
compositions of the invention remains in a substantially 
active form. 



Example 7 
(Formulations) 

(A) A formulation suitable for implantation by 
20 injection was prepared by suspending collagen- PEG in 

sterile water for injection, at 35 mg/mL. The 
characteristics of the resulting formulation are 
described in Example 2 above. 

(B) A formulation useful for repair of stress - 

25 bearing bone defects (e.g., fractures, nonunions, and the 
like) may. be prepared by mixing collagen-PBG of the 
invention with a suitable particulate, insoluble 
component. The insoluble component may be fibrillar 
crosslinked collagen, gelatin beads, 

30 polytetrafluoroethylene beads, silicone rubber beads, 

hydrogel beads, silicon carbide beads, mineral beads, or 
glass beads, and is preferably a calcium mineral, for 
example hydroxyapatite and/or tricalcium phosphate. 

Solid formulations were prepared by mixing Zyderm® 

35 II Collagen (65 mg/mL collagen) or collagen-mPEG (63 
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mg/mL) with particulate hydroxyapatite and tricalcium 
phosphate (HA+TCP) and air drying to form a solid block 
containing 65% HA by weight. Optionally, blocks were 
heat-treated by heating at 75°C for 10 hours. The 
5 resulting blocks were hydrated in 0.13 M saline for 12 
hours prior to testing. 

On standing, it was observed that Zyderm® - HA+TCP (Z- 
HA) compositions separated into three phases, whereas 
PEG-collagen-HA+TCP (PC-HA) compositions remained single 
10 phase. 

Each block was elongated by 5%, and its stress 
relaxation monitored for 1 minute after release. After 
this test, each block was subjected to constant 
elongation at a constant 1 cm/min until failure. The 
15 results are shown in Table 3: 



Table 3: Mechanical Streng th 



20 



25 



Sample 


Stress 


Relaxation 


Constant 


Extension 


Peak 
Force 


Constant 
Force 


(m&i) 


Rupture 
Force 


Extension 
at Rupture 


Z-HA 
(air) 


1.5 


1.1 


0.04 


2.6 
2.6 


11.0% 
15.3% 


Z-HA 
(heat) 


1.5 
1.4 


1.1 
1.0 


0.06 
0.07 


3.4 


14.0% 


PC-HA 
(air) 


2.6 
2.8 


1.8 
2.1 


0.06 
0.08 


5.5 
5.4 


12.3% 
11.7% 


PC-HA 
(heat) 


3.3 
3.6 


2.6 
2.7 


0.04 
0.06 


5.4 
5.4 


12.0% 
20.3% 



All forces reported in newtons. Extension at rupture 
(strain) reported in percent extension. 



The data demonstrate that collagen -polymer forms HA+ 
TCP compositions exhibiting substantially greater tensile 
strength. Thus, one can prepare implant compositions 
35 with collagen- polymer which are substantially stronger 
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than compositions employing the same amount of non- 
conjugated collagen, or may reduce the amount of 
collagen-polymer employed to form a composition of equal 
strength. 

5 

Example ft 
(Crosslinking of Hyaluronic Acid 
With Difunctional SC-PEG) 
One (l) gram of sodium hyaluronate (obtained from 
10 LifeCore Biomedical) was added to 15 ml of PBS and 
allowed to dissolve overnight to form a homogeneous 
solution. Pive (5) ml of the hyaluronic acid/PBS 
solution was mixed with 50 mg of difunctional SC-PEG in 
0.5 ml of PBS using syringe -to -syringe mixing. 

The resulting material was extruded from the syringe 
into a petri dish and incubated at 37°C for 16 hours. 
The material was then allowed to cool at room temperature 
for 8 hours. After 24 hours, the material had formed a 
crosslinked gel. 

Hyaluronic acid without S-PEG was used as a control 
in this experiment. After the same incubation period, 
the control was still liquid and runny. 



15 



20 



25 



30 



mm 



Example Q 

(Preparation of Smooth Collagen- Polymer Tube) 
The needle end was snipped off of a standard 4.5 
inner diameter syringe containing Zyderm* I Collagen 
(35 mg/ml, available from Collagen Corporation, Palo 
Alto, California) . Using the syringe plunger, the 
collagen was pushed out of the cut syringe in a solid 
cylinder. The collagen cylinder was placed in a petri 
dish and immersed in a 10% solution of difunctional S-PEG 
(1.0 g of difunctional S-PEG in 10 ml of PBS). 

The collagen cylinder was allowed to incubate in the 
35 10% S-PEG solution at room temperature. The crosslinking 
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reaction occurs as the PEG diffuses from the outside 
towards the inside of the collagen cylinder. After 20 - 
30 minutes of incubation in the S-PEG solution, the 
outside of the collagen cylinder had been crosslinked, 
5 while the inside remained non- crosslinked. 

After 20 - 30 minutes of incubation, the collagen 
cylinder was removed from the crosslinker solution. The 
inner, non- crosslinked collagen could easily be squeezed 
out from the outer crosslinked shell using manual 
10 pressure, leaving a hollow tube of PEG- crosslinked 
collagen. 

The hollow tube was then returned to the 10% S-PEG 
solution and incubated overnight at 37°C in order to 
complete the crosslinking process. 

15 The outer diameter of the hollow PEG - collagen tube 

can be varied by varying the size of the collagen 
cylinder starting material. The inner diameter of the 
tube can be increased by decreasing the length of time 
for the initial incubation of the collagen cylinder in 

20 the PEG solution. Conversely, the inner diameter of the 
tube can be made smaller by increasing the initial 
incubation period. 

Example 10 

25 (Preparation of Pleated Collagen- Polymer Tube) 

A smooth collagen-polymer tube was prepared 
according to the method described in Example 9. While 
still wet, the tube was slipped over the plunger of the 
same syringe that had originally contained the Zyderm® I 

30 Collagen starting material. The tube fit snugly over the 
syringe plunger. The PEG- collagen tube was then pushed 
down along the axis of the syringe plunger, forming 
pleats or ribs in the wet tubing, so that the pleated 
tube_was now approximately half the length of the 

35 original smooth tube. 
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While still on the syringe plunger, the pleated PEG- 
collagen tube was dried under the fume hood at room 
temperature. After 24 hours, the dried pleated tube was 
pushed off the syringe plunger. The tube retained its 
5 pleated shape after removal from the syringe plunger. 

The pleated PEG- collagen tube was then placed in a 
petri dish containing water. The tube retained its 
pleated shape following rehydration. 

10 Example 11 

(Preparation of Small Diameter Pleated 
Collagen- Polymer Tubing) 
0.9 cc of Zyderm® I Collagen was mixed with 0.1 cc 
of a 5% solution of difunctional S-PEG (5 mg of S-PEG in 

15 0.1 cc of PBS) using syringe- to- syringe mixing. 

Immediately following mixing, the PEG- collagen material 
was extruded using an 18- gauge needle into TFE tubing 
(1.5 mm outer diameter, 1.3 mm inner diameter). (It was 
necessary to add a certain amount of PEG to provide a 

20 starting material with greater structural integrity than 
straight Zyderm® I Collagen in order to maintain the 
shape of the small -diameter cylinder*) 

After 20-30 minutes of incubation at room 
temperature, the tubing was sliced open and the solid 

25 cylinder of PEG- collagen was peeled out of the tubing. 

The PEG- collagen cylinder was then placed in a petri dish 
containing 5 cc of a 10* solution of difunctional S-PEG. 
The crosslinking reaction occurs as the PEG diffuses from 
the outside towards the inside of the collagen cylinder. 

30 After 3 hours of incubation in the S-PEG solution at room 
temperature, the inside of the cylinder was pushed out 
using a 1 mm diameter mandrel, resulting in a hollow, 
smooth PEG- collagen tube. 

The PEG- collagen tube was then pushed down along the 

35 axis of the mandrel, forming pleats or ribs in the wet 
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tubing, so that the pleated tube was now approximately 
half the length of the original smooth tube. 

While still on the mandrel, the pleated PEG- collagen 
tube was dried under the fume hood at room temperature. 
5 After 24 hours, the dried pleated tube was pushed off the 
mandrel. The tube retained its pleated shape after 
removal from the mandrel. 

The pleated PEG- collagen tube was then placed in a 
petri dish containing water. The tube retained its 
10 pleated shape following rehydration. 

PEG- collagen tubes of different diameters can be 
prepared by using different sizes of TFE tubing and 
varying the time for the crosslinking reaction to occur. 

15 Example 12 

(Preparation of Thin-Walled Tubes) 
0.90 ml of Zyderm® I Collagen was mixed with a 
solution of 10 mg of difunctional S-PEG in 0.10 ml of PBS 
using syringe- to- syringe mixing. 

20 A TFE tube having an inner diameter of 0.9 mm was 

placed inside another TFE tube having an inner diameter 
of 1.2 mm. The PEG- collagen mixture was injected through 
a 27 -gauge needle into the space between the inner and 
outer tubes. The tubing was then incubated at 37°C for 2 

25 hours . 

The outer tubing was pulled off and the inner tubing 
with the PEG- collagen shell around it was incubated at 
37°C for an additional 2 hours. 

The thin PEG- collagen shell was then carefully 
30 pushed off of the inner TFE tubing. The resulting PEG- 
collagen tube was clear and cellophane -like in 
consistency. 

The PEG- collagen tube was then placed in water to 
rehydrate. Although the tube was very thin and had a 
35 small diameter, water could be injected through it. 
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The thickness of the tube wall and the inner 
diameter of the collagen-polymer tube can be varied by 
varying the size of the inner and outer TFE tubes used to 
mold the collagen-polymer material. Thin-walled tubes 
produced according to the method described above may be 
especially suited for use as nerve guide tubes to 
facilitate nerve regeneration. 

Example 13 
(Preparation of PEG- Collagen Strings) 
Five (5) ml of Zyderm® I Collagen (35 mg/ml) was 
mixed with 50 mg of difunctional SG-PEG in 0.5 ml of 
phosphate buffered saline (PBS) using syringe- to- syringe 
mixing. The material was immediately transferred to 
15 either 1.5 or 3.5 mm diameter Teflon* tubing, then 

incubated at 37°c for 16 hours. The crosslinked collagen 
gels were removed from the tubing and dried overnight. 
The strings were held taut during drying to ensure that 
the strings would dry in the radial, rather than axial, 
20 dimension. 

Non- crosslinked collagen strings were produced as a 
control by mixing 5 ml of Zyderm* I Collagen with 0.5 ml 
of PBS. The method described above was used to produce 
strings of two different diameters. 
25 Diameter, length, and weight of the strings were 

measured in the fresh (wet) , dehydrated, and rehydrated 
states. Results of these measurements are presented 
graphically in Figure 1 and in the table shown in figure 
14. 

30 Because the non- crosslinked strings do not contain 

the hydrophilic PEG, they were not able to take up water 
and rehydrate. Therefore, no measurements were obtained 
for these strings in the rehydrated state. The strings 
retained all of their original length and nearly all of 

35 their original diameter and weight upon rehydration. 
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Various Theological measurements were performed on 
the crosslinked and non-crosslinked strings in their 
dehydrated states. All strings were cut to a constant 
length of 20 mm prior to rheological evaluation. Results 
5 - are presented in the table shown in figure 15 . A bar 
graph showing the swellability of strings is shown in 
Figure 1. Bar graphs with error bars showing standard 
deviation for several rheological measurements on each of 
the four string types are presented in Figures 2-5. 

Tensile stress (N/mm 2 ) is a measure of the force at 
failure (breakage) of the string as a function of its 
cross -sectional area. Strain (A length/length) and A 
length are measures of the elasticity of the string (how 
much it will stretch under tension). Young's Modulus 
15 (N/mm 2 ) is calculated by dividing stress by strain and is 
known as the rheological "fingerprint" of a particular 
material . 

The bar graphs in Figures 2-5 illustrate the large 
standard deviation and variability of the rheological 
measurements obtained for the non-crosslinked strings, 
showing the non- homogeneity of the non-crosslinked 
materials. The consistent results obtained with the PEG- 
crosslinked strings show that PEG crossl inking imparts 
homogeneity, as well as greater mechanical strength and 
25 elasticity, to the collagen material. 

Example 14 
(Preparation of Coiled Strings) 
A small -diameter crosslinked collagen string was 
produced as described in Example 13 by injecting collagen 
in a 1% solution of difunctional S-PEG through an 18- 
gauge needle into TFE tubing (0.9 mm outer diameter, 0.6 
mm inner diameter) . 

Following removal from the tubing, the wet string 
35 was coiled around a second piece of TFE tubing having an 
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outer diameter of 1.5 mm. The coiled string was dried on 
the tubing for 2 days at room temperature under the fume 
hood. 

The dehydrated PEG- collagen coil was pushed off the 
tubing. The coiled string in its dried state was 
manually pulled straight. The now-straight string was 
immersed in water and quickly returned to its coiled 
shape upon rehydration. 

The coiled wet string was removed from the water 
bath, pulled and dried straight under tension. The 
straight dried string was again immersed in water and 
again returned to its original coiled shape upon 
rehydration. 

The collagen-polymer coils can be pulled straight to 
facilitate delivery through a needle or catheter. They 
are especially useful in the treatment of aneurysms 
because of their ability to rehydrate to the coil shape 
and expand to fill the void. 

The above example illustrates the "memory" of the 
collagen-polymer material. Upon rehydration, the 
material returns to the original shape in which it was 
first dried. 



Exjunplq 15 

25 (Rheological Properties of PEG- Collagen Materials) 

A 10% solution of activated difunctional SG-PEG was 
prepared by diluting 100 mg of powdered difunctional SG- 
PEG (3400 dalton MW) in 1 ml of phosphate buffered saline 
_ (PBS) . One (1) ml of the 10% difunctional SG-PEG 
30 solution was mixed with 9 ml of 2yderm®I Collagen (Z-I, 
35 mg/ml) to achieve a final PEG concentration of 1%. 
The collagen and crosslinker solution were placed in 10- 
ml syringes and mixed using syringe -to -syringe mixing. 
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Zyderm®Il Collagen (Z-II, 65 mg/ml) was crosslinked 
with difunctional SG-PEG using the same method described 
above. 

The syringes containing the Z-I-PEG and Z-II -PEG 
5 composites were incubated at 37 °C for 16 hours and formed 
polymerized gels. 

The needle end of each of the two syringes was cut 
off and the gels pushed out of the barrels of the 
syringes using the respective syringe plunger. The solid 
10 gels were then sliced into disks of 2 mm thickness, 

dehydrated, and then rehydrated. Diameter, thickness and 
weight of the disks were measured in the fresh (wet) , 
dehydrated, and rehydrated states. Results of these 
measurements are presented in the table shown in 
15 figure 16. 

The crosslinked collagen disks (at both collagen 
concentrations) regained nearly all of their original 
dimensions upon rehydration. 

20 Example 16 

(Coating of Platinum Wires) 
Lidocaine-free Zyderm® II Collagen (65 mg/ml, 
available from Collagen Corporation, Palo Alto, CA) was 
diluted to 32.5 mg/ml using sterile- filtered phosphate 

25 buffered saline (PBS) . A 10% solution of activated 
difunctional S-PEG was prepared by diluting powdered 
difunctional S-PEG in sterile- filtered PBS. One hundred 
(100) /zl of the S-PEG was added to 900 pi of the collagen 
to achieve a final S-PEG concentration of 1%. The S-PEG 

30 solution and collagen were placed in 3 -ml syringes and 
mixed using syringe -to- syringe mixing. 

Platinum wires (#1, available from Target 
Therapeutics, Santa Clara, CA) coiled to a diameter of 
0.25 mm on mandrels (inner wires to keep coils straight) 

35 were placed inside ultra micro pipet tips (0.5 - 10 pi) , 
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one coii per tip, so that the mandrel passed through both 
the narrow and wide openings of the pipet tip. The 
S-PEG - collagen mixture in the syringe was injected into 
each of the pipet tips using a 22 -gauge needle. 
5 The pipet tips containing the coils were placed in a 

petri dish and allowed to incubate at 37 °C for twenty- 
four hours. The tips containing the coils were placed 
under the laminar flow hood at room temperature for six 
days. The coated coils were then removed from the pipet 
10 tips. The coatings will not adhere well to the coils if 
drying time is not adequate. 

The coated coils can be delivered using a Tracker® 
325i catheter (Target Therapeutics) or other similar type 
catheter. 

15 

Example 17 
(Coating of Platinum Wires) 
Lidocaine-free Zyderm® II Collagen was diluted to 
32.5 mg/ml using sterile- filtered PBS. A 10% solution of 
20 activated difunctional S-PEG was prepared by diluting 

powdered difunctional S-PEG in sterile- filtered PBS. One 
hundred (100) /tl of the S-PEG solution was added to 
900 ill of the collagen to achieve a final S-PEG 
concentration of 1%. The S-PEG solution and collagen 
25 were placed in 3 -ml syringes and mixed using syringe-to- 
syringe mixing. 

Coiled platinum wires on mandrels were placed inside 
1-mm diameter Teflon® tubing. The S-PEG - collagen 
mixture in the 9yringe was injected into the tubing over 
30 the coils using a 22 -gauge needle. Plugs were inserted 
into the ends of the tubing and the tubing was placed on 
a rack to hold the end of the coils straight in the 
center of the tubing. The rack was placed inside a 37 °C 
incubator for sixteen hours. 
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Af ter removal from the incubator, the tubing was cut 
laterally with a scalpel and peeled away from the coils. 
The coated coils were allowed to air dry at room 
temperature for several hours, then removed from the 
5 mandrels . 

The coated coils can be delivered via catheter. 

The invention is shown and described herein at what 
is considered to be the most practical, and preferred 
10 embodiments. It is recognized, however, that departures 
may be made therefrom which are within the scope of the 
invention and that obvious modifications will occur to 
one skilled in the art upon reading this disclosure. 

15 Example 18 

(Preparation of Telopeptide -containing 
Collagen -Polymer Conjugates) 
Telopeptide- containing collagen and atelopeptide 
collagen were crosslinked using di functionally activated 
20 SG-PEG (MW = 3400 dalton) . Physical properties of the 
resulting materials were compared. 

Preparation of PEG C rosslinked Telopeptide- containing 
Collagen 

25 Nine hundred (900) ml of cow hide slurry (sampled 

just prior to pepsin digestion) was stabilized to 17°C in 
a water batch for one hour* One hundred (100) ml of 0.2M 
phosphate buffer, pH 11.4, was added to the hide slurry 
with rapid stirring. After incubating for 16 hours at 

30 17° C, the material was centrifuged to produce a 91 gram 
pellet of telopeptide- containing collagen. The protein 
concentration of the pellet was determined to be 40 mg/ml 
using the Biuret assay. 

A 3 -ml sample of the pellet was acidified by adding 

35 0.5 ml of 0.1 M hydrochloric acid (HC1) . The resulting 
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material was very opaque and fibrillar at acidic pH (4 - 
5). One-half (0.5) ml of the acidified telopeptide- 
containing collagen was placed in a mold and 0.25 ml of a 
35.7% (wt.%/vol.%) concentration difunctionally activated 
5 SG-PEG solution was added. The mold containing the 

collagen and crosslinker solution was incubated overnight 
at 37°C. Crosslinking occurred as the PEG solution 
diffused into the collagen gel. Five strips (30 ram x 10 
mm x 2 mm thickness) of tightly crosslinked telopeptide - 
10 containing collagen gel were obtained. 

Preparation of PEG Crosslinked Atelopeptide Collagen 

Zyderm® II Collagen (65 mg/ml concentration; 
available from Collagen Corporation p Palo Alto, CA) was 

15 diluted to a concentration of 40 mg/ml using phosphate 

buffered saline (PBS) . Three (3) ml of the resulting 40 
mg/ml atelopeptide collagen was acidified and crosslinked 
with difunctionally activated SG-PEG according to the 
method described above. Five strips (30 mm x 10 mm x 2 

20 mm thickness) of tightly crosslinked atelopeptide 
collagen were obtained. 

Fibril Formation 

Three (3) ml of telopeptide- containing collagen 

25 pellet and 3 ml of Zyderm II Collagen were acidified as 
described .above. One-half (0.5) ml of each of the two 
acidified collagen materials were placed in molds. The 
molds containing the acidified telopeptide- containing and 
atelopeptide collagen were incubated at 37°C overnight. 

30 After incubation at 37°C overnight, a moderately 

crosslinked telopeptide- containing collagen gel was 
obtained. The atelopeptide collagen failed to produce 
any crosslinked gel. 
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Differential Scanning CalorimetrY (DSC) 

Differential scanning calorimetry (DSC) is used to 
measure the melting temperature of a material. The DSC 
measurements for non-crosslinked and PEG- cross linked 
telopeptide- containing collagen and atelopeptide collagen 
are presented in Table 4 shown below and Figures 6 and 7. 

Table 4 . DSC Measurements 

Material Peak(s) Ttn(°C) 

Atelopeptide collagen Doublet 45,55 

Telopeptide- containing 

collagen Doublet 52,57 

Crosslinked atelopeptide. 
15 collagen Singlet 59 

(Sharp) 

Crosslinked telopeptide- 

containing collagen Broad 66 
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20 



25 



30 



35 



Non-crosslinked atelopeptide collagen shows two 
temperature transition peaks, one at approximately 46°C 
and a second at approximately 54 °C. Non-crosslinked 
telopeptide -containing collagen also has two temperature 
transitions, one occurring at 49 °C and the second 
occurring at 57°C. The peaks for the telopeptide- 
containing collagen are broader than those for the 
atelopeptide collagen because the telopeptide- containing 
collagen contains indigenous crosslinks that are removed 
during enzyme treatment and are not present in the 
resulting purified atelopeptide collagen. 

When atelopeptide collagen is crosslinked with 
difunctionally activated S- PEG, "the transition 
temperature is increased to approximately 58 °C and 
appears as a single peak. When telopeptide- containing 
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collagen is crosslinked with difunctionally activated S- 
PEG, the transition temperature is increased to 
approximately 66 °C and consists of a single transition 
peak which is somewhat broader than the comparable 
5 transition peak for the PEG- crosslinked atelopeptide 
collagen. The broad peak obtained for the crosslinked 
t el opeptide- containing collagen is likely due to 
increased heterogeneity as a result of the indigenous 
crosslinks, as compared with the crosslinked atelopeptide 
10 collagen, which is more homogeneous as a result of enzyme 
treatment and purification, 

Rheoloaical Properties 

Non- crosslinked and PEG- crosslinked telopeptide- 
15 containing collagen and atelopeptide collagen were tested 
for tensile strength (N) , tensile stress (N/mm 2 ) , strain 
(AL/L) , and Young's Modulus (N/mm 2 ). Results of the 
rheological testing are presented in the table shown in 
figure 17. 

20 Tensile stress (N/mm?) is a measure of the force at 

failure (breakage) of a material as a function of its 
cross -sectional area. Strain (A length/ length) is a 
measure of the elasticity of a material (how much it will 
stretch under tension). Young's Modulus (N/mm 2 ) is 

25 calculated by dividing stress by strain and is known as 
the rheological "fingerprint" of a particular material. 

As shown by the data in the table of figure 17, the 
crosslinked telopeptide- containing collagen is 
signif icantly stronger than the crosslinked atelopeptide 

30 material. 



Swellabilitv 

Non- crosslinked and PEG- crosslinked telopeptide- 
containing and atelopeptide collagen were tested for 
35 swellability. The data are presented in Table 5. 
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Table 5. Swellability Data 



Material 



Original Wet 
Weight (g) 



Dehydrated 
Weight (g) 



Rehydrated 
Weight (g) 



Atelo 
Telo 

Atelo -PEG 
Telo- PEG 



0.175 
0.325 
0.166 
0.398 



0.009 
0.027 
0.020 
0.026 



0.207 
0.084 
0.409 



10 



15 



20 



25 



Because the non-crosslinked atelopeptide collagen is 
not a gel, it fell apart when immersed in water and, 
therefore, no rehydrated weight value could be obtained. 

As shown, by the data, PEG- cross linked telopeptide- 
containing collagen shows even better rehydration 
properties than crosslinked atelopeptide collagen, 
regaining 100% of its original wet weight after 
rehydration. 

The instant invention is shown and described herein 
at what is considered to be the most practical and 
preferred embodiments. It is recognized, however, that 
departures may be made therefrom which are within the 
scope of the invention and that obvious modifications 
will occur to one skilled in the art upon reading this 
disclosure. 
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WHAT IS CLAIMED : 

1. A biocompatible, biologically inert conjugate 
comprising a natural polymer or derivative thereof 

5 chemically conjugated by an ether bond to a synthetic 
hydrophilic polymer. 

2. The conjugate of claim 1, wherein the natural 
polymer or derivative thereof is selected from the group 

10 consisting of a glycosaminoglycan and derivatives 
thereof . 

3. The conjugate of claim 2, wherein the 
glycosaminoglycan or derivatives thereof is selected from 

15 the group consisting of chondroitin sulfate A 

(4-sulfate) , chondroitin sulfate C (6-sulfate) dermatan 
sulfate (chondroitin sulfate B) , hyaluronic acid, and 
derivatives thereof. 

20 4. The conjugate of claim 2, wherein the natural 

polymer is a polysaccharide selected from the group 
consisting of hyaluronic acid and dextran. 

5. The conjugate of claim 4, wherein the 

25 polysaccharide is a dextran selected from the group 

consisting of hydroxylethyl cellulose, cellulose ether, 
starch, and cyclodextrin. 

6. The conjugate .of claim 1, wherein the natural 
30 polymer is collagen or a derivative thereof. 

7. The conjugate of claim 6, wherein the collagen 
is selected from the group consisting of reconstituted 
atelopeptide fibrillar collagen and telopeptide- 

35 containing fibrillar collagen. 
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8. The conjugate of claim 1, wherein the synthetic 
hydrophilic polymer is selected from the group consisting 
of a difunctionally activated polyethylene glycol and a 
multifunctionally activated polyethylene glycol. 

5 

9. A composition, comprising: 

a biocompatible, biologically inactive conjugate 
comprised of a natural polymer or derivative thereof 
chemically conjugated by an ether bond to a synthetic 
10 hydrophilic polymer; and 

a therapeutically effective amount of a cytokine or 
growth factor. 

10. The composition of claim 9 wherein the cytokine 
15 or growth factor is selected from the group consisting of 

epidermal growth factor, transforming growth factor-a, 
transforming growth factor-0, transforming growth factor - 
02, platelet -derived growth factor-AA, platelet -derived 
growth factor -AB, platelet -derived growth factor- BB, 

20 acidic fibroblast growth factor, basic fibroblast growth 
factor, connective tissue activating peptide, 0- 
thromboglobulin, insulin- like growth factors, tumor 
necrosis factor, interleukins, colony stimulating, 
factors, erythropoietin, nerve growth factor, 

25 interferons, bone morphogenic protein and osteogenic 
factors and 

wherein the synthetic hydrophilic polymer is a 
difunctionally activated polyethylene glycol. 

30 11. The composition of claim 9, wherein the 

conjugate has the following general structural formula; 

NTL-PLYM-HN-OC- (CHj) n -0-PEG-0- (CHj) n -C0-NH-GF 
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wherein n is an integer selected from the group 
consisting of 0, 1, 2, 3, or 4, NTL-PLYM is a natural 
polymer or derivative thereof, PEG i9 polyethylene 
glycol, and GF is a growth factor or cytokine. 

5 

12* A flowable, injectable, pharmaceutical^ 
acceptable composition, comprising: 

a biocompatible conjugate comprised of an inert, 
natural polymer or derivative thereof, chemically 
10 conjugated by an ether bond to a synthetic, non- 
immunogenic hydrophilic polymer; and 

a sufficient amount of a fluid, pharmaceutical ly 
acceptable carrier to render the composition containing 
the conjugate flowable and injectable. 

15 

13. A composition suitable for repair of bone 
defects, which comprises: 

an inert, natural, biologically inactive polymer or 
derivative thereof, chemically conjugated via an ether 
20 linkage to a synthetic hydrophilic polymer; 

a suitable particulate material; and 

a sufficient amount of a fluid, pharmaceutically 
acceptable carrier. 

25 14. The composition of claim 13 wherein the natural 

polymer is selected from the group consisting of collagen 
and a glycosaminoglycan; and 

wherein the suitable particulate material is 
selected from the group consisting of fibrillar, 

30 crosslinked, atelopeptide collagen, gelatin beads, 

polytetraf luoroethylene beads, silicone rubber beads, 
hydrogel beads, silicon carbide beads, glass beads, 
hydroxyapatite particles, tricalcium phosphate particles, 
or mixtures of hydroxyapatite and tricalcium phosphate 

35 particles. 
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15. The composition of claim 13 wherein said 
particulate material comprises hydroxyapatite particles, 
tricalcium phosphate particles, or mixtures of 
hydroxyapatite and tricalcium phosphate particles having 

5 an average diameter of about 20 to 250 microns in 
diameter . 

16. A method for augmenting tissue in a mammal, 
which comprises: 

10 providing an aqueous mixture of a natural polymer or 

derivative thereof; 

providing an aqueous composition of synthetic, non- 
immunogenic, hydrophilic polymer having a reactive group 
capable of forming a covalent ether bond in situ with the 
15 natural polymer; 

mixing the natural polymer mixture with the 
synthetic polymer composition to form a reaction mixture; 
and 

administering the reaction mixture at a site in need 
20 of augmentation before substantial crosslinking occurs 
between the natural polymer and the synthetic polymer. 

17. A string having a diameter in the range of 
about 0.10 mm to about 20 mm, the string comprising a 

25 natural polymer or derivative thereof chemically 

conjugated to a synthetic non- immunogenic hydrophilic 
polymer by a covalent bond. 

18. The string of claim 17, wherein the string is 
30 dehydrated, has a circular cross -section, is in the form 

of an elongated solid cylinder, and has a diameter in the 
range of 0.25 mm to about 2.5 mm. 
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19. The string of claim 18, wherein the string is 
flexible, and wherein the covalent bond is selected from 
the group consisting of an ester linkage, a urethane 
linkage, and an ether linkage . 

5 

20. A tube having an outer diameter in the range of 
about 0.25 mm to about 5.0 cm and an inner diameter in 
the range of 0.05 mm to 4.95 cm, the tube comprising a 
natural polymer or derivative thereof chemically 

10 conjugated to a synthetic non- immunogenic hydrophilic 
polymer by a covalent bond. 



15 



21. The tube of claim 20, wherein the tube is 
dehydrated. 

22. The tube of claim 20, wherein the tube has a 
circular cross -section. 



23. The tube of claim 20, wherein the tube has a 
20 length of more them about 10 mm. 

24. The tube of claim 20, wherein the tube has a 
length of greater than 10 cm and is flexible; 

wherein the covalent bond is selected from the group 
25 consisting of an ester linkage, a urethane linkage, and 
an ether linkage; and 

wherein the synthetic hydrophilic polymer is a 
difunctionally activated polyethylene glycol and the 
natural polymer is collagen or a derivative thereof . 

30 

25. A flowable, injectable, pharmaceutically 
acceptable composition, comprising: 

a biocompatible conjugate comprised of a natural 
polymer or derivative thereof, chemically conjugated to a 
35 synthetic, non- immunogenic hydrophilic polymer; and 
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a sufficient amount of a fluid, pharmaceutical^ 
acceptable carrier to render the composition containing 
the conjugate flowable and injectable. 

5 26. A solid article having coated on the surface 

the conjugate of any of claims 1-8. 

27. The article of claim 26 wherein the article is 
a bone implant having the porous surface. 

10 
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